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Abstract
Toxoplasma gondii infection provides a clinically important, and experimentally tractable, system for exploring
the delicate balance of interactions between a pathogen and its host, resulting in the long-term survival of
both. Many studies have shown that this parasite is susceptible to, and can actively manipulate a variety of
innate and acquired immune responses. It also known that the nature of these responses is likely to be critical
in distinguishing between the development of acute disease, chronic, asymptomatic infection, and parasite
clearance. However, the factors responsible for controlling these diverse outcomes are still unclear. This
dissertation explores the establishment of T. gondii infection after invasion of the small intestine and the host’s
cellular response to parasites at this site. Ex vivo visualization of infection in whole tissue explants using
fluorescently tagged parasites and deep-imaging techniques reveals a significantly more complex process of
interaction within the small intestine than previously appreciated. After crossing the intestinal epithelium to
enter the lamina propria, T. gondii parasites remain confined to the area surrounding the initial site of invasion
rather than rapidly disseminating to the tissues, producing spatially restricted plaques and a high mucosal
burden relative to non-mucosal tissues. The host response to T. gondii plaques is similarly striking and include
a massive influx of LysM+ cells into the infection plaque. In contrast, while CD11c+ dendritic cells are
recruited to the infected region, they appear to be absent from the plaque itself; perhaps reflecting host efforts
to control parasite replication and block dissemination, and/or parasite efforts to modulate the host response.
Activation of CD8+ T cells, which are critical for the control of replicating parasites, in response to parasite-
derived antigen was also examined. Transgenic T. gondii lines engineered to target the model antigen
ovalbumin to various intra- and extracellular locales demonstrate that entry into the processing pathway
requires extra-parasitic antigen, indicating that these antigens are processed for MHC I presentation without
entry into degradative organelles. These studies provide new insights into host-pathogen interactions, helping
to elucidate the means by which T. gondii parasites establish infection and how host cells respond and control
parasite infection.
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 Abstract 
 
Toxoplasma gondii – Antigen presentation and interactions in the intestinal 
mucosa 
Beth S. Gregg 
David S. Roos 
 
Toxoplasma gondii infection provides a clinically important, and experimentally tractable, 
system for exploring the delicate balance of interactions between a pathogen and its 
host, resulting in the long-term survival of both.  Many studies have shown that this 
parasite is susceptible to, and can actively manipulate a variety of innate and acquired 
immune responses.  It also known that the nature of these responses is likely to be 
critical in distinguishing between the development of acute disease, chronic, 
asymptomatic infection, and parasite clearance.  However, the factors responsible for 
controlling these diverse outcomes are still unclear.  This dissertation explores the 
establishment of T. gondii infection after invasion of the small intestine and the host’s 
cellular response to parasites at this site.  Ex vivo visualization of infection in whole 
tissue explants using fluorescently tagged parasites and deep-imaging techniques 
reveals a significantly more complex process of interaction within the small intestine than 
previously appreciated.  After crossing the intestinal epithelium to enter the lamina 
propria, T. gondii parasites remain confined to the area surrounding the initial site of 
invasion rather than rapidly disseminating to the tissues, producing spatially restricted 
plaques and a high mucosal burden relative to non-mucosal tissues.  The host response 
to T. gondii plaques is similarly striking and include a massive influx of LysM+ cells into 
 iii 
the infection plaque.  In contrast, while CD11c+ dendritic cells are recruited to the 
infected region, they appear to be absent from the plaque itself; perhaps reflecting host 
efforts to control parasite replication and block dissemination, and/or parasite efforts to 
modulate the host response.  Activation of CD8+ T cells, which are critical for the control 
of replicating parasites, in response to parasite-derived antigen was also examined.  
Transgenic T. gondii lines engineered to target the model antigen ovalbumin to various 
intra- and extracellular locales demonstrate that entry into the processing pathway 
requires extra-parasitic antigen, indicating that these antigens are processed for MHC I 
presentation without entry into degradative organelles.  These studies provide new 
insights into host-pathogen interactions, helping to elucidate the means by which T. 
gondii parasites establish infection and how host cells respond and control parasite 
infection. 
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CHAPTER 1: Literature Review 
In the hundred years since the discovery of Toxoplasma gondii by Splendore, 
and Nicolle and Manceaux, research of this parasite has provided many insights into 
immune responses to pathogens in general, and T. gondii in particular.  Advances in 
laboratory methods, including the adaptation of clonal T. gondii lines to in vitro culture, 
development of techniques for molecular genetic and cell biological manipulation, 
genomic sequencing of multiple isolates, and refinement of the natural murine host as a 
model for infection, render T. gondii an outstanding system for exploring the biology of 
host-pathogen interactions (Roos et al., 1994).  As an important agent of human and 
veterinary disease, studies of T. gondii have informed our understanding of host-
pathogen interactions during infection, including clinical manifestations.  Insights from 
experimental toxoplasmosis have significant implications for other apicomplexan 
parasites (including Cryptosporidium, Neospora, Plasmodium, etc), and genetically 
unrelated intracellular pathogens (Listeria, Chlamydia, Pneomocystis, etc).  Much 
remains to be understood about infection by this ubiquitous intracellular protozoan 
parasite.  This dissertation exploits recent advances in molecular genetic manipulation, 
cellular imaging, and immunological reagents to examine the establishment of infection 
and host cellular responses in the intestine, the initial site of parasite infection (Chapter 
two), and the presentation of parasite antigen via the MHC I pathway in infected cells 
(Chapter three).  This introduction (Chapter one) provides a brief review of T. gondii 
biology and relevant aspects of infection and immunity in the murine host. 
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Toxoplasma gondii parasite biology 
Parasite cellular biology, host cell invasion, and intracellular replication 
T. gondii is an obligate intracellular protozoan pathogen that establishes its own 
intracellular niche, the parasitophorous vacuole (PV).  As a eukaryotic pathogen, T. 
gondii contains the basic eukaryotic organellar repertoire including nucleus, endoplasmic 
reticulum, Golgi apparatus, and mitochondrion (Fig 1 A) (Sheffield and Melton, 1968; 
Gustafson et al., 1954).  This family of pathogens has also retained a eukaryotic algal 
plastid, the apicoplast, that is now essential for survival, in addition to several specialized 
secretory organelles that are important for the parasitic life cycle (Fichera and Roos, 
1997; Kohler et al., 1997; Mazumdar et al., 2006; Carruthers and Sibley, 1997).  Dense 
granules comprise the parasite’s default secretory pathway, secreting proteins thought to 
be required for maintaining the PV.  Micronemes secrete proteins important for host cell 
attachment and gliding, while rhoptries secrete proteins responsible for establishment of 
the PV.  These latter organelles, along with distinctive cytoskeletal elements (e.g. the 
conoid), constitute the ‘apical complex’ and define the phylum Apicomplexa, which 
includes Cryptosporidium, Plasmodium, and many thousands of other parasitic protozoa 
(Sheffield and Melton, 1968; Gustafson et al., 1954; Nichols et al., 1983; Leriche and 
Dubremetz, 1990).  Recently, secreted rhoptry proteins have been shown to affect 
parasite virulence and immune-modulation through interactions with host proteins in the 
cytoplasm (Taylor et al., 2006; Saeij et al., 2007; Reese and Boothroyd, 2009; Fentress 
et al., 2010; Steinfeldt et al., 2010; Peixoto et al., 2010).  Also specific to apicomplexan 
parasites is the inner membrane complex (IMC).  Found juxtaposed to the parasite’s 
plasma membrane, the IMC is a flattened vesicular network important for anchoring  
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 Figure 1 T. gondii cell biology and replication 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Labeling depicted in A is color-coded to match each represented T. gondii 
organelle.  The process of endodyogeny, or parasite replication, is depicted (B and 
C).  IMC formation at the apical end of intracellular daughters reveals segregation of 
organelles into each daughter prior to membrane partitioning (B).   The final step of 
replication is division of the two complete daughters by cytokinesis (C). 
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motor proteins necessary for parasite driven host cell invasion (Sheffield and Melton, 
1968; Morrissette et al., 1997; Gaskins et al., 2004). 
Invasion into the host cell is a highly coordinated action mediated by parasite-
derived proteins including the micronemes, rhoptries, and dense granules acting on host 
cell factors (Sheffield and Melton, 1968; Gustafson et al., 1954; Nichols et al., 1983; 
Leriche and Dubremetz, 1990; Garcia-Reguet et al., 2000).  Attachment to the host cell 
via proteins secreted by the micronemes induces secretion of rhoptry proteins into the 
host cell cytoplasm and triggers the formation of the PV by invagination of the host 
plasma membrane using a poorly understood process that is distinct from standard 
endocytic pathways (Suss-Toby et al., 1996; Charron and Sibley, 2004; Alexander et al., 
2005).  Entry into the host cell is followed by rapid sealing, and modification of the 
vacuolar membrane by rhoptry and dense granule proteins (Carruthers and Sibley, 
1997; Alexander et al., 2005).  Once inside the cell, the PV becomes closely associated 
with host cell mitochondria and endoplasmic reticulum, but remains a clearly distinct 
compartment.  The PV also remains separate from the host endomembrane system 
including endosomes, phagosomes, and lysosomes (Nelson et al., 2008; Joiner et al., 
1990).  Intracellular parasites are not completely isolated from the host cell environment, 
however, as they salvage various host cell nutrients through pores in the PV membrane 
(Schwab et al., 1994; Chaudhary et al., 2004). 
Within the PV parasites initiate asexual replication by endodyogeny: a variation 
of the mechanism employed by all apicomplexan protozoa in which daughter cells are 
constructed within the maternal parasite cytoplasm on a membrane-cytoskeletal 
scaffolding (the inner membrane complex; Fig 1 B and C) (Sheffield and Melton, 1968; 
Goldman et al., 1958; Gavin et al., 1962; Hu et al., 2002; Nishi et al., 2008).  Multiple 
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rounds of parasite replication ultimately result in lysis of the host cell and release of 
infectious parasites capable of initiating a new round of infection (Tomita et al., 2009; 
Chandramohanadas et al., 2009).   
 
Life cycle  
Similar to other related apicomplexan parasites, T. gondii undergoes sexual or 
asexual rounds of replication depending on whether it is replicating in its definitive or 
intermediate host, respectively.  T. gondii’s definitive host range is very narrow and 
parasite sexual reproduction only occurs within the intestinal epithelium of the Felidae 
family (Dubey et al., 1970; Frenkel et al., 1970; Hutchison et al., 1970).  Cats, like all 
hosts, become infected through oral exposure to oocysts present within in the 
environment or tissue cysts present in infected meat (Fig 2) (Dubey, 2006).  Once 
ingested, oocysts or tissue cysts release sporozoite or bradyzoite stage parasites, 
respectively, that invade the intestinal lamina propria and differentiate into tachyzoites, 
which actively replicate and establish infection (Dubey et al., 1970; Frenkel et al., 1970).  
At this point, an alternate differentiation pathway begins in a portion of parasites residing 
within the intestinal epithelial cell layer that leads to sexual recombination and the 
formation of environmentally stable oocysts (Dubey et al., 1970; Frenkel et al., 1970; 
Hutchison et al., 1970).   
Initial infection in rodents, the major intermediate hosts for T. gondii, and zoonotic 
species is similar to infection in cats.  Following the ingestion of meat or vegetables 
contaminated with cysts, intestinal enzymes and acids breakdown the cyst wall and 
release bradyzoites or sporozoites into the luminal space (Fig 2) (Jacobs et al., 1960).  
Within hours of ingestion, these zoites are detected within both epithelial cells and  
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Figure 2 T. gondii life cycle 
Figure 2.  Environmentally stable oocysts are produced in cat epithelial cells after 
sexual replication of T. gondii, and passed in feces for parasite transmission (grey 
lines).  Ingestion of oocysts or bradyzoite tissue cysts by intermediate and zoonotic 
hosts (blue lines), results in conversion of parasites into asexually replicating 
tachyzoites, and dissemination of parasites throughout the host.  Immune control 
(red text) induces parasite dormancy in the form of tissue cysts that are infective to 
the next host, be it definitive or intermediate. 
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lamina propria cells, converting quickly from dormant stage parasites to tachyzoites 
whose rapid replication and ability to disseminate results in high parasite burdens and 
systemic infection (Dubey et al., 1997; Dubey, 1997; Speer and Dubey, 1998; Sumyuen 
et al., 1995; Courret et al., 2006).  Disseminating parasites lead to infection not only of 
muscle and brain tissue where cysts form during chronic infection, but also across the 
placenta causing congenital transmission from mother to fetus (Saeij et al., 2007; Dubey, 
1997; Speer and Dubey, 1998; Courret et al., 2006; Kim et al., 2007; Beverley).  
Eventually, immune control of infection causes parasites to enter a chronic stage 
whereby they convert back to slow replicating bradyzoites and produce protective cyst 
walls that are rich in chitin and glycoproteins (Boothroyd et al., 1997; Zhang et al., 2001).  
Although dormant within the host in which they formed, these tissue cysts are fully 
infective after ingestion by a new intermediate or definitive host (Dubey, 2006). 
 
Toxoplasmosis- prevalence and pathogenesis 
Unlike other apicomplexan parasites, T. gondii can infect a broad range of 
zoonotic host species through the ingestion of environmental oocysts or infected meat.  
Zoonosis results in the infection of mammalian and avian species including aquatic 
mammals, livestock, and humans (Cedillo-Pelaez et al., 2011; Arkush et al., 2003; 
Chomel et al., 1995; de Sousa et al., 2010; Di Guardo et al., 2010; Dubey et al., 2003; 
Dubey and Kirkbride, 1990; Dubey et al., 1991; Dubey et al., 1999; Haridy et al., 2010; 
Lindsay et al., 1991; Lindsay et al., 2001; Malmsten et al., 2010; Miller et al., 2004; 
Oksanen et al., 2009; Omata et al., 2005; Stewart et al., 1995).  Infection in livestock 
animals such as sheep, swine, poultry, and goats is of agricultural importance due to 
increases in abortions and neonatal mortality rates in infected animals (Dubey et al., 
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2003; Dubey et al., 1991; Hide et al., 2009).  As infection in humans typically remains 
subclinical, the importance of T. gondii infection as a causative agent of human disease 
was not initially recognized.  Recent estimates suggest that 10–70% of humans are 
infected with T. gondii depending on age, geographic location, and cultural norms (Jones 
et al., 2001; Jeannel et al., 1988).  Between 2000 and 2007, T. gondii infection in the 
United States was linked to 9% of hospitalizations and 24% of deaths caused by 
foodborne illnesses (Scallan et al., 2011).  Several disease outbreaks linked to 
contaminated water supplies have also been reported in countries throughout the world, 
affecting hundreds of people (Vaudaux et al., 2010; Balasundaram et al., 2010; Demar 
et al., 2007; Bowie et al., 1997). 
Presentation of clinical toxoplasmosis is commonly observed in three instances: 
1) congenital parasite transmission, 2) ocular disease, and 3) reactivation of chronic 
disease in immunocompromised individuals.  It has long been recognized that these 
clinical presentations of toxoplasmosis are associated with the virulence of different T. 
gondii strains.  Mapping of genetic polymorphisms has led to the recognition of three 
archetypal strains distinguished as types I, II, and III; however, more recent genotyping 
of isolates taken from marine mammals has indicated that the genetic diversity of T. 
gondii is more complex then previously believed (Howe and Sibley, 1995; Grigg et al., 
2001).   
Of the three archetypal strains, the most virulent strains are those grouped in the 
type I clade.  This clade includes two of the most commonly used laboratory strains, RH 
and GT1 (Howe and Sibley, 1995).  In the murine model, type I parasites are extremely 
lethal, causing high parasite burdens and death within days of infection  (KAUFMAN et 
al., 1959; Suzuki et al., 1995).  Type I strain parasites isolated from human patients are 
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commonly associated with ocular and congenital toxoplasmosis compared to other 
strains (Howe and Sibley, 1995).  Ocular toxoplasmosis occurs in 2% of all T. gondii 
cases and results in retinitis caused by parasite replication and parasite-induced 
inflammation and necrosis.  In the most severe cases, ocular toxoplasmosis results in 
blindness of the infected eye (Grigg et al., 2001; Crawford, 1966).  Though congenital 
transmission of T. gondii from mother to fetus only occurs in 30% of maternally acquired 
infections, disease associated with congenital toxoplasmosis is severe, ranging from 
abortion of the fetus to birth defects such as hydrocephaly, mental retardation, 
chorioretinitis, and epilepsy (Desmonts and Couvreur, 1974; Koskimies et al., 1978; 
Vutova et al., 2002).   
Type II and III parasite strains are considered avirulent because they are 
associated with less overt signs of disease pathology and lower mortality rates 
compared to type I strains.  While type II and III strains cause similar disease 
pathologies, type III parasites are isolated more commonly from animals than type II 
strains which are typically isolated from human patients (Howe and Sibley, 1995).  
Toxoplasmosis caused by infection with a type II or III strain occurs when patients 
become immunocompromised and tissue cysts previously held in check by the immune 
system reactivate and release tachyzoites.  As a result, active parasite replication in the 
brain, or more rarely in muscle, causes necrosis of the surrounding tissue.  Further, 
increased inflammation within the brain leads to fatal encephalopathy, the most common 
pathology associated with type II/III toxoplasmosis.  Because the immune system is 
adept at controlling reactivation events during infection, type II toxoplasmosis is an 
important opportunistic disease in immunocompromised hosts.  This has become 
evident in cases of cancer treatment, organ transplants, and HIV co-infections leading 
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hospitals to screen patients for T. gondii infection at early stages of treatment (Ryning et 
al., 1979; Luft et al., 1983; Luft et al., 1984; Carey et al., 1973).  The increasing number 
of immunocompromised hosts has raised the importance of toxoplasmosis and 
increased research efforts. 
 
Immune responses to T. gondii  
It is evident that appropriate immune function is critical for controlling T. gondii 
infection, as demonstrated by the pathology observed in immunocompromised patients.  
Development of a protective immune response begins with the recognition of parasites 
by innate immune mechanisms shortly after infection.  These innate mechanisms initiate 
a systemic, adaptive immune response that is required for controlling parasites 
throughout infection. 
 
Innate immunity 
Innate recognition of pathogens is mediated by three main families of pattern 
recognition receptors; Toll-like receptors (TLR), Nod-like-receptors (NLR), and Rig-I-like-
receptors (RLR).   Each family contains several receptors that vary in cellular location, 
signaling adaptor molecules, and pathogen patterns recognized, thus increasing their 
ability to respond to a wide range of pathogens (Trinchieri and Sher, 2007).  Although 
these pattern-recognition receptors can be expressed by a number of different cell types, 
they are most often associated with primary responding cells such as epithelial cells, 
monocytes, dendritic cells, and lymphocytes (Trinchieri and Sher, 2007).  Innate 
recognition of T. gondii has been linked to TLR 2, TLR 11, and Nod 2, since failure to 
signal through these receptors or their downstream adaptors results in decreased 
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production of the pro-inflammatory cytokine IL-12, and reduced survival of infected mice 
(Ju et al., 2009; Yarovinsky et al., 2005; Pepper et al., 2008; Shaw et al., 2009; Del Rio 
et al., 2004; LaRosa et al., 2008; Sukhumavasi et al., 2008; Hou et al., 2011). 
The reduced production of IL-12 observed in TLR deficient mice leads to 
decreased survival during a number of infections, due to a decrease in host ability to 
establish protective TH1 immune responses.  Early production of IL-12 is critical during T. 
gondii infection; depletion of IL-12 is acutely lethal (Hunter et al., 1995; Gazzinelli et al., 
1994).  This lethality is the result of the host’s inability to activate early inflammatory 
responses and increase production of IFN-γ by natural killer and effector T cells (Hunter, 
2005).  For this reason, research has sought to identify IL-12 producing cells and 
determine the role that IL-12 plays in activating cells during T. gondii infection.  Three 
cell types have been shown to produce T cell-independent IL-12 during infection: 
neutrophils, macrophages, and CD8α dendritic cells (Bliss et al., 1999; Robben et al., 
2004; Reis e Sousa et al., 1997; Liu et al., 2006).   
In response to IL-12 signaling, natural killer cells, macrophages, and T cells 
begin producing essential inflammatory cytokines and chemokines such as IFN-γ, that 
activate responding cells at the site of inflammation (Gazzinelli et al., 1994; Reis e 
Sousa et al., 1997; Gazzinelli et al., 1993).  Like IL-12, T cell-independent IFN-γ is critical 
during infection, so that early depletion of this cytokine results in the death of the host 
(Gazzinelli et al., 1994; Suzuki et al., 1988; Hunter et al., 1994).  Synergistic effects of 
IL-12 and IFN-γ signaling increase reactive oxygen and nitrogen species in 
macrophages, a response that is known to aid in controlling parasite infection (Murray et 
al., 1985; Hayashi et al., 1996).  These cytokines also increase the phagocytic and 
antigen presentation properties of dendritic cells and macrophages, which in turn initiate 
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a pathogen-specific adaptive immune response.  Unlike IL-12, IFN-γ is also necessary 
during the chronic stage of infection, indicating a role for IFN-γ in controlling infection, 
even when parasites are not actively replicating (Gazzinelli et al., 1994).  
 
Adaptive immunity 
Control of T. gondii infection is mediated by a pathogen-specific immune 
response that detects parasites and parasite infected cells, targeting them for 
destruction. Both B and T lymphocytes are critical components of the immune response 
to T. gondii infection, the roles of which have been investigated thoroughly.  B cell 
activation during infection initiates the production of parasite-specific antibodies that 
recognize several cell surface proteins including immunodominant proteins P30 and 
bag1 from the tachyzoite and bradyzoite stages, respectively (Mun et al., 1999; Chardes 
et al., 1990).  It is difficult to assess the importance of an antibody response against T. 
gondii as the parasites are primarily intracellular and therefore protected from plasma 
antibodies, but it has been observed that transfer of immune serum provides limited 
protection from parasite challenge, indicating that antibody responses may act to protect 
the host from further infection (Krahenbuhl et al., 1972).  Indeed, antibody isolation from 
the lumen of infected mice showed high levels of parasite-specific IgA type antibodies 
that could aid in blocking invasion of parasites into host mucosal tissues (Chardes et al., 
1990; Mineo et al., 1993).  More recently, studies in B cell deficient mice have found that 
in the absence of B cells, toxoplasmosis is lethal early during the chronic stage of an 
avirulent type II infection (Sayles et al., 2000; Johnson et al., 2004).  While both groups 
showed the necessity of B cells during the early stages of chronic infection, the 
mechanism by which B cells confer protection is still unclear.  
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The protective response mediated by T cell activation is critical to control parasite 
replication and reactivation during T. gondii infection.  Initial IL-12 signaling from the 
innate response, along with presentation of pathogen-specific antigens to CD4+ T and 
CD8+ T cells, activates T cells to expand and differentiate into TH1 effector cells driving 
the cell mediated immune response through production of IL-2 and IFN-γ (Candolfi et al., 
1994).  During T. gondii infection, IL-2 promotes the proliferation of T cells through both 
autocrine and paracrine signaling.  It has been shown that while innate immunity is 
sufficient to control acute infection in mice, the ‘helper’ functions of CD4+ T cells are 
necessary for prolonged control of infection (Vollmer et al., 1987; Gazzinelli et al., 1992; 
Schaeffer et al., 2009).  This control was observed as increased mortality rates during 
infection with an avirulent strain of T. gondii in both CD4+ T cell depleted and CD4-/- 
mice.  While CD4+ T cell depletion studies indicated that these cells were critical at the 
onset of chronic infection, recent studies with CD4-/- mice demonstrate chronic 
deficiencies in the function of the CD8+ T cell population at time of death (Vollmer et al., 
1987; Gazzinelli et al., 1992; Schaeffer et al., 2009). 
Like CD4+ T cells, CD8+ T cells are necessary for the control of chronic T. gondii 
infection and exhibit protective ability when transferred into naïve mice (Gazzinelli et al., 
1992; Suzuki and Remington, 1988; Parker et al., 1991).  Naïve antigen-specific CD8+ T 
cells are activated after receiving signals from both antigen presenting cells through T 
cell receptor stimulation, and TH1 cytokines: IL-2, IL-12, and IFN-γ (Denkers and 
Gazzinelli, 1998).  Once stimulated, these cells not only produce more IFN-γ to aid in the 
activation of ROIs by macrophages, but also are capable of inducing lysis of infected 
cells, thereby destroying parasites by blocking replication (Gazzinelli et al., 1992; Khan 
et al., 1991; Subauste et al., 1991; Kasper et al., 1992).  Some reports have even 
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suggested that cytolytic CD8+ T cells are capable of directly killing parasites during 
infection (Khan et al., 1988).  Depletion of CD8+ T cells during the chronic stage of 
infection results in decreased levels of IFN-γ, reactivation of latent tissue cysts, and 
eventually the death of infected animals (Gazzinelli et al., 1992; Schaeffer et al., 2009). 
 
Antigen presentation  
Presentation of antigenic peptides on the cell surface in the context of either 
major histocompatibility complex (MHC) I or MHC II proteins is essential for the initiation 
of T cell responses.  Parasite-derived peptides are embedded in the antigenic cleft of 
MHC I or MHC II proteins while in the endoplasmic reticulum or the 
endosomal/lysosomal compartments, respectively (Guagliardi et al., 1990; Cox et al., 
1990; Townsend et al., 1990).  As loading of the two types of MHC proteins takes place 
in different organelles of the host cell, it was originally thought that presentation on either 
MHC I or MHC II represented differences in the types of pathogens from which the 
presented peptides were derived (Yewdell and Bennink, 1990).  In this vein, MHC II 
molecules were originally proposed as presenting antigens from extracellular bacteria or 
pathogen proteins after phagocytosis (Guagliardi et al., 1990).  The entry of pathogens 
and their proteins into lysosomes, which have a lower pH and numerous protein 
peptidases compared with endosomes, allows for the digestion of these proteins to 
peptides that can be inserted into the MHC II peptide cleft (Fernandez-Borja et al., 
1996).   
Endosomal loading of MHC II molecules during a T. gondii infection results in the 
activation of antigen-specific CD4+ T cells responsible for directing the immune response 
toward a TH1 phenotype.  While the MHC II presentation pathway has been 
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characterized as described, investigation of MHC II loading during T. gondii is still 
unclear.  Few T. gondii-specific epitopes have been identified, making it difficult to 
analyze this pathway thoroughly.  The epitopes that have been described are primarily 
excretory-secretory proteins from rhoptries and dense granules (Reichmann et al., 1997; 
Saavedra et al., 1991; Prigione et al., 2000).  Pepper et al. provided further evidence 
supporting the presentation of secreted antigens on MHC II when they investigated the 
presentation of the model antigen ovalbumin (OVA) (Pepper et al., 2004).  Here OVA 
targeted to the parasitophorous vacuole of T. gondii via dense granule secretion was 
sufficient to expand and activate the OVA-specific CD4+ T cell population, while OVA 
targeted to the parasite’s cytoplasm was not presented (Pepper et al., 2004).  While it is 
possible that secreted antigen acquired from the phagocytosis of lysed cells provide the 
majority of immunologically relevant epitopes during T. gondii infection, it is then unclear 
why intracellular proteins from phagocytosed dead parasites are not presented. 
In contrast to presentation of phagocytosed material on MHC II, peptides 
presented on MHC I have typically been considered the product of cytoplasmic protein 
degradation as is the case during viral and intracellular bacterial infections (Yewdell and 
Bennink, 1990).  Cytoplasmic proteins targeted to the proteasome are cleaved into 
peptides, transported into the endoplasmic reticulum through the transporter associated 
with antigen processing (TAP), and directly loaded onto MHC I proteins before being 
shuttled to the cell’s surface (Rock et al., 1994; Van Kaer et al., 1992).  This view of 
MHC I loading is an over-simplification, as research has shown that a variety of proteins 
derived from both intra- and extracellular pathogens are presented on MHC I.  Any 
mechanism by which antigen is loaded and presented on MHC I, despite a lack of direct 
contact between the pathogen and host cell cytoplasm, is known as cross-presentation 
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or exogenous antigen presentation (Blanchard and Shastri, 2010). The distinction 
between these terms lies in the infection status of the antigen presenting cell, where 
cross-presentation defines MHC I presentation of pathogen epitopes on a non-infected 
cell, and exogenous antigen presentation defines presentation of epitopes from 
intravacuolar pathogens such as Mycobacterium, Plasmodium, or T. gondii (Blanchard 
and Shastri, 2010; Kamath et al., 2004; Romero et al., 1989; Dzierszinski et al., 2007; 
Blanchard et al., 2008).  Both cross-presentation and exogenous antigen presentation 
have been shown to be important for the generation of MHC I peptides during viral 
(herpes simplex virus), bacterial (Listeria monocytogenes), and protozoan (Plasmodium 
berghei) infections (Allan et al., 2003; den Haan et al., 2000; Tvinnereim et al., 2004; 
Plebanski et al., 2005).  Whether antigens generated by either of these mechanisms are 
exposed to the host cell cytoplasm prior to MHC I presentation is still debated, and the 
pathway may differ depending on the pathogen as evidence exists both for and against 
cytoplasmic exposure (Blanchard et al., 2008; Imai et al., 2005; Bertholet et al., 2006).  
As evidenced by the robust CD8+ T cell response generated during a T. gondii 
infection, it is clear that antigens from the parasite are presented on MHC I.   However, 
the intravacuolar life cycle of the parasite precludes classical cytosolic presentation of 
antigens and therefore necessitates either MHC I cross-presentation or exogenous 
antigen presentation.  There is experimental evidence for both cross-presentation and 
exogenous antigen presentation during T. gondii infection; thus it is unclear which 
mechanism predominantly activates CD8+ T cells (Dzierszinski et al., 2007; Gubbels et 
al., 2005; John et al., 2009).  While it is generally accepted that T. gondii antigen must 
enter the host cell cytosol, there are several possible routes by which this may occur (Fig 
3).  Entry of antigen into the cytosol was established by the fact that processing and 
 17 
presentation of antigen requires the activity of proteasomes and TAP, as observed 
during classical MHC I presentation of cytoplasmic antigens (Dzierszinski et al., 2007; 
Blanchard et al., 2008; Gubbels et al., 2005). The ERAAP complex and Sec61, which 
translocates proteins out of the endoplasmic reticulum, was  shown to be necessary 
during presentation of T. gondii antigens (Blanchard et al., 2008; Goldszmid et al., 
2009).  Sec61 and ERAAP activity during the presentation of T. gondii antigens indicates 
that parasite proteins destined for the MHC I pathway must be translocated out of a 
vacuole, either endosomes/lyososomes or the parasitophorous vacuole, in order to 
access the host cell cytoplasm (Blanchard et al., 2008).  
When considering methods by which exogenous antigen presentation may occur 
during T. gondii infection, several possible models have been proposed.  Of the possible 
MHC I presentation pathways that could transfer T. gondii antigens into the host cell 
cytoplasm, the simplest route is the movement of antigen through the semi-porous 
parasitophorous vacuole into the host cell cytoplasm, resulting in direct presentation (Fig 
3 A).  Along with virulence proteins that are specifically secreted into the cytoplasm, 
there is also evidence for the entry of T. gondii-specific heat shock protein into the host 
cell, indicating that parasite proteins reaching the host’s cytoplasm may include non-
secreted proteins (Saeij et al., 2007; Peixoto et al., 2010; Gubbels et al., 2005).  An 
alternative model for antigen escape from the PV is the degradation of the 
parasitophorous vacuole through IGTPase activity, releasing secreted antigens into the 
host cell cytoplasm and exposing parasites to be degraded in autophagous or lysosomal 
compartments (Fig 3 B) (Ling et al., 2006; Andrade et al., 2006).  Recently, it was 
proposed that phagosomal fusion with the endoplasmic reticulum may provide a means 
for extracellular antigen to be cross-presented (Guermonprez et al., 2003).  Similarly, 
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evidence points to the possibility that parasite secreted proteins gain entry into the host 
cell via fusion between the host endoplasmic reticulum and parasitophorous vacuole, 
followed by Sec61 mediated translocation into the cytoplasm (Fig 3 C) (Goldszmid et al., 
2009).  It is possible, however, that T. gondii epitopes are cross-presented after 
phagocytosis of lysed or apoptotic cell fragments (Fig 3 D).  In this model, T. gondii 
proteins would be translocated out of the phagosomal or lysosomal compartments and 
presented through TAP mediated translocation into the endoplasmic reticulum and 
loaded onto MHC I molecules.   
As with MHC II presentation, elucidation of the route by which T. gondii antigens 
enter the MHC I presentation pathway is difficult without knowledge of the dominant and 
subdominant epitopes recognized by CD8+ T cells during infection.  Until recently, when 
three groups published results identifying several secreted proteins as immunodominant 
CD8+ T cell epitopes, the understanding of T. gondii epitopes was limited.  Much of the 
work on CD8+ T cell responses focused on the surface antigen or SAG, family of 
proteins and their orthologs, specifically P30 (Khan et al., 1991; Kasper et al., 1992; 
Khan et al., 1988; Khan et al., 1988).  CD8+ T cells specific for the P30 epitope were 
shown to confer protection during a challenge infection, confirming the importance of this 
epitope during infection (Khan et al., 1991).  Though a T cell response to this protein can 
be identified during infection, there is at least one report showing that this is not an 
immunodominant epitope, instead demonstrating the immunogenicity of an unidentified 
soluble protein (Denkers et al., 1993).   
Lacking other known epitopes, the MHC I presentation pathway during T. gondii 
infection was described using transgenic expression of the model antigens β-
galactosidase and OVA (Dzierszinski et al., 2007; Blanchard et al., 2008; Gubbels et al., 
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2005; Frickel et al., 2008; Wilson et al., 2010; Kwok et al., 2003).  Early reports 
investigating the immunogenicity of β-galactosidase when expressed by an avirulent 
strain of T. gondii and targeted to the parasite cytoplasm or parasitophorous vacuole, 
provided the first evidence that only secreted proteins are filtered into the MHC I 
presentation pathway (Kwok et al., 2003).  MHC I presentation limited to secreted 
antigens has been reported for other protozoan parasite infections including 
Trypanosoma cruzi and Leishmania donovani (Garg et al., 1997; Bertholet et al., 2005).  
The initial results demonstrating MHC I presentation of secreted antigen during T. gondii 
infection were further confirmed by Dzierszinski et al. using a transgenic set-up similar to 
the β-galactosidase system except with the OVA model antigen.  In an effort to 
determine whether presentation of secreted antigen was an end result of direct or cross-
presentation, the OVA experiments also demonstrated that only infected cells, and not 
bystander dendritic cells, were capable of presenting OVA antigen (Dzierszinski et al., 
2007).  Independently, using a virulent strain of T. gondii, Gubbels et al. also 
demonstrated that only infected cells present OVA antigen to CD8+ T cells (Gubbels et 
al., 2005).  These results were reported as evidence for a direct route by which T. gondii 
antigens are presented by MHC I molecules.  However, the results from these in vitro 
experiments have been challenged based on more recent in vivo experiments 
demonstrating that infection with the same avirulent OVA transgenic strain, resulted in 
the presence of MHC I-OVA complexes on the surface of non-infected dendritic cells, 
indicative of cross-presentation (John et al., 2009).  The discrepancies between these 
reports indicates that MHC I presentation during T. gondii infection may involve several 
of the possible pathways illustrated by figure 3.  In Chapter three of this dissertation, 
examination of MHC I presentation after infection with OVA transgenic parasites reveals 
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that antigens shuttled into the MHC I presentation pathway are derived from secreted 
proteins and not through cross-presentation.   
 
Figure 3 Mechanisms of MHC I antigen processing and presentation 
 
Figure 3.  Processing and presentation of T. gondii antigens is dependent on the 
proteasome, Sec61, ERAAP, and TAP proteins for protein degradation, peptide 
transport into the host ER, and MHC I loading (blue pathway).  Four proposed 
pathways for antigen entry into the MHC I pathway are represented.  (a) Antigen 
escape from the parasitophorous vacuole into the host cell cytoplasm results in 
direct degradation of the protein by the proteasome and transport into the 
endoplasmic reticulum by TAP.  (b) Autophagous/lysosomal degradation of the 
vacoule membrane.  Proteins internalized into host degradative compartments are 
translocated out to the cytoplasm and processed.  (c) Fusion of the parasitophorous 
vacuole and endoplasmic reticulum membranes allow for the exchange of antigen 
and translocation into the host cytoplasm for processing and presentation. (d) 
Cross-presentation of phagocytosed antigens. 
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Mucosal infection and immunity  
T. gondii infection quickly becomes a systemic infection, but initial infection is 
established after ingestion of cysts by parasites invading epithelial and lamina propria 
cells in the small intestine (Sheffield and Melton, 1968; Dubey et al., 1997; Dubey, 1997; 
Speer and Dubey, 1998; Sheffield and Melton, 1970).  Typically the intestinal phase of 
infection is overlooked, as many researchers model systemic infection using 
intraperitoneal injection of parasites.  While intraperitoneal parasite challenge is an 
informative tool that has advanced the field’s understanding of systemic infection and 
immunity during the acute and chronic phases of infection, it is far less informative about 
the initial host-pathogen interactions that occur at the intestinal interface.  As these initial 
interactions most likely influence the course of infection, understanding the biology and 
host response to T. gondii infection is incomplete without knowledge of the host-
pathogen interactions that occur within the intestinal mucosa.   
 
Intestinal infection and parasite dissemination 
As described previously, ingestion of T. gondii cysts results in parasite 
excystation in the small intestine and parasite crossing of the epithelial barrier.  Of the 
many functions that epithelial cells perform, one of the most important is acting as a 
barrier for the sterile tissues of the body, protecting against commensal bacteria and 
pathogens.  Successful orally transmitted systemic pathogens such as Listeria, E. coli, 
Salmonella, and T. gondii, must be able to invade epithelial cells or breach the epithelial 
barrier.  This breach of the protective barrier may be pathogen-mediated, a product of 
natural host cell processes, or a combination of both.  Invasion mechanisms will directly 
impact and may limit, the anatomical locations within the intestine that pathogens target 
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for entry into the host.  For example, luminal sampling by dendritic cells was shown to be 
a mechanism for Salmonella invasion through the engulfment of bacteria; however, 
because these dendritic cells show the greatest amount of sampling in the most distal 
portion of the small intestine, infection is increased in this area (Rescigno et al., 2001; 
Chieppa et al., 2006). Also, epithelial cell infection with Listeria monocytogenes requires 
binding to E-cadherin, but this protein is typically masked from the bacteria by tight 
junction associations between epithelial cells.  Using confocal microscopy to image 
intestinal villi during infection, Pentecost et al. demonstrated that E-cadherin is briefly 
exposed at the apex of villi during dead cell extrusion and that Listeria exploits this 
exposure to gain entry into epithelial cells (Pentecost et al., 2006).  Thus, initial Listeria 
infection is specifically limited to the apex of villi where dead cell extrusion occurs.  
Early work investigating intestinal T. gondii infection indicated that this protozoan 
pathogen also has a limited infection range in the tissue, specifically targeting the 
terminal ileum, but recent work demonstrates that parasites are found within multiple cell 
types along the tissue’s length (Dubey, 1997; Sumyuen et al., 1995; Courret et al., 
2006).  This dispersed infective range may be explained by the ability of T. gondii to 
attach to host cell surfaces using multiple receptors and to invade cells in a host-
independent manner (Barragan et al., 2005; Morisaki et al., 1995).  While histological 
evidence suggests that parasite invasion of the intestinal tissue begins with infection of 
host epithelial cells, evidence supporting parasite migration between epithelial cells also 
exists, suggesting a mechanism by which parasites may decrease the time to achieve 
infection in the lamina propria (Barragan et al., 2005; Barragan and Sibley, 2002).   
Once T. gondii have invaded host cells, parasite replication is key for establishing 
infection and disseminating away from the small intestine.  Differentiation of T. gondii 
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bradyzoites into replicating tachyzoites occurs within hours following cellular invasion 
(Dubey et al., 1997; Dubey, 1997).  Immunolabeling the small intestine 24 hours post-
infection for T. gondii identified replicating parasites in lamina propria and epithelial cells 
(Dubey, 1997).  Early descriptions of the parasite burden after oral infection were made 
by counting immunolabeled parasites in tissue sections, or by bioassay approaches that 
also demonstrate the viability of tissue-associated parasites (Dubey et al., 1997; Dubey, 
1997; Sumyuen et al., 1995).  These studies have shown that the parasite population 
increases within the intestine over the course of acute infection; further, viable parasites 
are found in mucosal tissues as late as 70 days post-infection, long after parasites have 
been cleared by the immune response from the lungs, liver, and spleen (Fig 4 A) 
(Sumyuen et al., 1995; Courret et al., 2006). Only recently has PCR, a more sensitive 
approach, been used to determine T. gondii burden in the intestinal lamina propria.  
Real-time PCR analysis of isolated genomic DNA from T. gondii-infected intestinal 
tissues indicated that parasite numbers within the intestine reached the hundreds-of-
thousands by day eight post-infection.  At this time point, parasite numbers from 
segments of the intestine approximated those observed in the mesenteric lymph nodes, 
indicating that the parasite burden in the intestine is equivalent with that in disseminated 
tissues (Courret et al., 2006).   
Prior to the work by Courret et al., bioassay experiments offered the only direct 
comparison of parasite burden between the intestine and the mesenteric lymph nodes, 
blood, spleen, and brain (Dubey et al., 1997; Dubey, 1997; Sumyuen et al., 1995).  This 
approach provided the current timeline of infection where disseminating parasites are 
found in the mesenteric lymph nodes at 24 hours post-infection, and the blood and the 
spleen are parasitized by 48 hours post-infection.  The brain, where the majority of  
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Figure 4 Model of T. gondii infection and dissemination 
Figure 4.  (A) Parasite infection of the intestine (green) results in local parasite 
replication as well as dissemination to new tissues (orange) including the brain 
(blue).  While it is known that some parasites disseminate away from the small 
intestine within hours of infection, the fate of remaining parasites is still unclear as 
represented with the dashed green line.  (B and C) Proposed models of parasite 
infection and replication in the intestine indicate that parasite migration results in the 
uniform dissemination of parasites throughout the intestinal lamina propria.  (B) One 
model of infection suggests that parasites do not undergo multiple rounds of division 
in the small intestine, but instead disseminate away from the lamina propria either 
as free tachyzoites or within infected cells soon after invasion.  (C) An alternative 
intestinal infection model indicates that parasite replication expands the parasite 
population in the lamina propria and few parasites disseminate to other tissues.  
Activation of immune responses through innate signaling results in the influx and 
migration of responding cells including dendritic cells, macrophages, and neutrophils 
(cells as depicted on right), into the lamina propria to control infection.  
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parasites are found during chronic infection, was not parasitized until after the fourth day 
post-infection (Dubey, 1997).  This parasite dissemination timeline indicates the 
importance of rapid infection and replication in the intestine, but does not address the 
mechanisms by which parasites spread from the intestinal mucosa.  For this reason, 
several research groups have sought to examine the motility of parasites and parasite-
infected cells both in the intestine and in tissues.   
Although T. gondii are capable of moving across host cell surfaces, many groups 
have focused on the ability of different cell types to carry infection (Hakansson et al., 
1999).  It is possible that free extracellular parasites migrate through tissues and 
increased parasite motility has been noted in the more virulent type I strains of T. gondii 
compared to avirulent type II strains; but while this may be an aiding factor in virulence, 
the full impact of strain-specific motility is uncertain (Barragan and Sibley, 2002).  
Studies on the motility of infected host cells have shown increased migration of 
macrophages, T cells, and dendritic cells, indicating the ability of these cells to carry 
parasites away from the initial point of infection (Da Gama et al., 2004).  While 
macrophage and T cell mobility increases after parasite invasion, in vivo migration of 
these cells away from the initial infection site is delayed compared to the migration rates 
of infected dendritic cells.  In general, dendritic cells have been demonstrated to act as 
vehicles, or “Trojan horses,” for dissemination during Listeria and Salmonella infections  
(Pron et al., 2001; Voedisch et al., 2009).  During T. gondii infection, dendritic cells were 
shown to carry parasites from the peritoneal cavity to the spleen more quickly than 
extracellular parasites (Bierly et al., 2008; Lambert et al., 2009; Lambert et al., 2006).  
While this area of T. gondii pathobiology is still under investigation, results have shown 
that dendritic cell subsets, such as plasmacytoid dendritic cells, may have varying 
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importance for parasite dissemination (Bierly et al., 2008).  However, these 
investigations have relied on intraperitoneal infection to take advantage of cell transfer 
systems, and may not reflect what occurs during natural infection.  By comparison, 
intestinal infection experiments indicate that monocytic cells act as important carriers of 
parasites into the blood stream.  These experiments also indicate that dendritic cells 
become infected within the lamina propria, and that these cells could be responsible for 
parasite dissemination throughout this site (Courret et al., 2006).   
When considering the interactions that must occur between T. gondii and the 
host to establish a productive infection, there is still much that must be understood 
regarding the early stages of intestinal infection and the impact that these interactions 
have in shaping systemic toxoplasmosis.  It is clear that T. gondii released from cysts 
infect the lamina propria within hours of ingestion; however, whether or not there is a 
specific area of the intestine infected, such as the terminal ileum, remains unclear.  It is 
also uncertain whether the size of the infected cell population in the intestine is 
significant compared to systemic infection, how intestinal infection is established within 
the lamina propria, and how this infection is recognized by the host.   
Two possible models for the establishment of intestinal infection may be inferred 
from the current literature.  One model maintains that parasite presence in the intestine 
is minimal when compared to to the burden observed systemically.  This minimal 
parasite burden may be the result of rapid parasite dissemination away from the 
intestine immediately upon, or during the course of infection, leaving few replicating 
parasites within the lamina propria (Fig 4 B) (Dubey, 1997; Sumyuen et al., 1995).  A 
second possible infection model suggests that a significant population of parasites 
remain in the small intestine, and that this population is equivalent to the systemic 
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population due to parasite replication and limited dissemination after infection (Fig 4 C).  
Real-time PCR analysis by Courret et al., supports the second infection model as 
parasite burden in both the mesenteric lymph nodes and the small intestine were roughly 
equivalent after infection (Courret et al., 2006).  As parasites remaining in the intestine 
replicate, histology suggests that they uniformly disperse throughout the lamia propria 
via host cell or free parasite migration, as indicated by the models (Fig 4 B and C) 
(Dubey et al., 1997; Dubey, 1997; Speer and Dubey, 1998).   
Acute infection of the small intestine was investigated by whole-tissue ex vivo 
imaging to attempt to differentiate between these two models.  Avirulent T. gondii tagged 
with a fluorescent protein were generated to enable the visualization of the infection 
process, and the results of this work are presented in Chapter two.  Experimental results 
indicate that the outcome of oral infection is most similar to the second proposed model, 
as a significant intestinal parasite burden was observed compared to the spleen.  These 
results also agree with previously published literature, as parasite burden occurred along 
the length of the intestine.  It was surprising to note that parasite infection was more 
focal in nature and less uniformly distributed throughout the lamina propria than 
expected. 
 
Mucosal immunity  
Though T. gondii disseminates rapidly from the intestinal lamina propria, parasite 
infection at the mucosal interface generates an immune response aimed at controlling 
infection.  What is known about the mucosal immune response indicates that it is similar 
to that observed systemically, including a central importance of IL-12 for the production 
of IFN-γ and activation of neutrophils, machrophages, dendritic cells, and T cells 
 28 
(Vossenkamper et al., 2004).  Activated intraepithelial T cells as well as lamina propria T 
cells are protective during infection, acting to destroy infected cells and maintain the 
integrity of the epithelial barrier by promoting tight junction associations (McLeod et al., 
1989; Liesenfeld et al., 1996; Dalton et al., 2006).  The benefits of these functions are 
eclipsed however, as CD4+ T cells and IFN-γ production result in strong TH1 type 
responses that are responsible for much of the intestinal pathology observed after 
infection in the commonly used C57Bl/6 murine model (McLeod et al., 1989; Liesenfeld 
et al., 1996; Rachinel et al., 2004).  Onset of severe pathology is observed after day six 
post-infection, and mice succumb between days 7 and 10 (McLeod et al., 1989; 
Liesenfeld et al., 1996; Rachinel et al., 2004).  While depletion of the CD4+ T cell 
compartment and IFN-γ after T. gondii infection results in decreased necrosis of the 
small intestine, and extends the time-to-death by several days, lack of effector functions 
increases the parasite burden compared with wild-type mice (Liesenfeld et al., 1996).  
T cell activation during mucosal infection requires the presentation of antigen and 
activation of innate immune responses.  The lamina propria is populated with cells 
important for innate immune responses and antigen presentation, including epithelial 
cells that act as first responders during infection.  Epithelial cells are important for the 
production of chemokines responsible for migration of dendritic cells and T cells to the 
site of infection.  During T. gondii infection, intestinal epithelial cells produce MIP-2, 
MCP-1, and CCL-10, and increase production further when co-stimulated by CD4+ T 
cells (Mennechet et al., 2002).  Apart from T cell co-stimulation, activation of epithelial 
cells is mediated through the ligation of TLRs 2, 9, and 11.  Unlike intraperitoneal 
infection with T. gondii where only TLR 2 and 11 stimulate immune responses, oral 
infection responses are also generated through TLR 9 (Ju et al., 2009; Yarovinsky et al., 
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2005; Rachinel et al., 2004; Heimesaat et al., 2007; Heimesaat et al., 2006; Minns et al., 
2006).  TLR 9 stimulation is not parasite mediated, but mediated through ligation of 
gram-negative bacterial products that enter the system as the epithelial barrier is 
compromised by T. gondii (Heimesaat et al., 2007; Heimesaat et al., 2006). 
As is the case for all cells, in order for infected epithelial cells to be recognized by 
T cells they must present antigen on MHC molecules.  MHC I expression is ubiquitous 
among cells, but expression of MHC II is specific to professional antigen presenting 
cells.  Traditionally, B cells, macrophages, and dendritic cells are considered 
professional antigen presenting cells expressing MHC II however, immunolabeling of 
intestinal sections reveals that epithelial cells in the small intestine express MHC II 
constitutively (Bland, 1988; Kaiserlian et al., 1989; Telega et al., 2000; Buning et al., 
2008).  The importance of this expression is unclear though possibilities include roles for 
oral tolerance and CD4+ T cell regulation (Mowat et al., 2003).  As T. gondii parasites 
infect intestinal epithelial cells, it is possible that these cells present parasite antigens on 
MHC II for early CD4+ T cell recognition.  The ability of CD4+ T cells to recognize and 
block parasite replication in infected epithelial cells, and the synergistic activity between 
CD4+ T cells and epithelial cells to promote production of chemokines, indicates that 
epithelial cell MHC II expression may be important during oral infection (Mennechet et 
al., 2002).  
In the small intestine, T cells are not the only cell type to interact directly with 
epithelial cells.  Interactions between epithelial cells and CX3CR1+ dendritic cells in the 
small intestine allow for dendritic cells to sample luminal contents by extending dendrites 
through the epithelial tight junctions (Rescigno et al., 2001).  As described above, the 
ability these cells to directly sample the lumen during infection has been linked to their 
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becoming infected, and is proposed as a means for early dendritic cell activation in the 
intestine (Chieppa et al., 2006).  Little is understood about dendritic cell luminal 
sampling, and more research is necessary to gain a better understanding of how these 
events influence a variety of intestinal infections including that of T. gondii.  While it is 
unknown whether CX3CR1+ dendritic cells are able to sample T. gondii from the 
intestinal lumen, it is clear that upon infection the general population of lamina propria 
dendritic cells become activated, upregulating MHC II, CD80, and CD86 (Buzoni-Gatel 
et al., 2006).   
Lamina propria dendritic cells from T. gondii orally infected mice are functionally 
similar to dendritic cells observed following intraperitoneal infection, and are capable of 
producing IL-12 as well as acquiring antigens for MHC presentation to T cells.  The 
dendritic cell population is distinguished from other cell populations by the markers CD3-
/NK1.1-/CD19- and CD11c+.  Within the total dendritic cell population are four specific 
subtypes: plasmacytoid DC (Ly6Chi, B220hi), CD11b+ DC (CD11b+, CD8α-), CD8α+ 
(CD11b-, CD8α+), and double negative DC (CD11b-, CD8α-) (Iwasaki and Kelsall, 2001; 
Yrlid et al., 2006).  Recent work has attempted to distinguish specific functions for each 
of these dendritic cell subsets, and evidence suggests roles for CD8α+ dendritic cells 
during cross-presentation, and CD11b+ dendritic cells for the promotion of TH responses 
(Allan et al., 2003; Uematsu et al., 2008).  While little is known about the functions of 
dendritic cell subsets during T. gondii infection, it has been shown that plasmacytoid 
dendritic cells present antigen during T. gondii infection (Pepper et al., 2008).  During the 
course of this dissertation, CD103 and CX3CR1 have become prominent markers used 
to identify lamina propria dendritic cells (for review see Milling et al. 2010).  Generally, 
CD103+ dendritic cells have been described as migratory cells that transport antigen to 
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the mesenteric lymph nodes for presentation, while CX3CR1+ dendritic cells are non-
migratory cells capable of sampling antigen from the intestinal lumen (Bogunovic et al., 
2009).   
Early responses to oral T. gondii infection rely on epithelial cells and dendritic 
cells, but are also dependent on the activity of neutrophils and inflammatory monocytes 
to control infection.  After infection, neutrophils rapidly migrate out of the blood stream 
and enter the site of infection where they engulf and destroy antigen, helping to clear 
pathogens and resolve infection (Peters et al., 2008; Peters et al., 2009).  Neutrophil 
swarming behavior around T. gondii in the ear pinnea occurs within hours of infection at 
this site, but it is unclear how these cells behave in the context of a more complicated 
tissue architecture such as the intestine (Chtanova et al., 2008).  Despite an observed 
delay in neutrophil influx, T. gondii infection has been associated with formation of 
neutrophil-rich lesions indicating that these cells can be found in high numbers during 
infection (Dunay et al., 2008; Dubey and Adams, 1990).  While depletion of neutrophils 
suggests that these cells are not critical during T. gondii oral infection, it has been 
suggested in other pathogen systems that neutrophils act to lay down chemokine 
networks to attract inflammatory monocytes (Dunay et al., 2008; Del Rio et al., 2001; 
Dunay et al., 2010; Soehnlein et al., 2009).  
Inflammatory monocyte activity has recently been linked to protective immune 
responses observed in the small intestine after oral T. gondii infection (Dunay et al., 
2010).  Before this, intraperitoneal infections indicated that these cells migrate to the 
peritoneal cavity and produce IL-12 (Robben et al., 2004; Dunay et al., 2008; Mordue 
and Sibley, 2003).  After oral infection, inflammatory monocyte numbers increased in the 
small intestine and became infected in both the lamina propria and the blood, suggesting 
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a role for these cells in the dissemination of parasites (Courret et al., 2006; Dunay et al., 
2008).  Unlike neutrophils, monocyte-pathogen interactions have not been reported, but 
their necessity during mucosal infection and their possible role in parasite dissemination 
makes understanding their mobility and interactions with T. gondii of interest. 
During intestinal infection, parasites invading the lamina propria infect a variety of 
cells, many of which are present in response to infection.  As T. gondii is known to 
manipulate cellular function, infection of responding cells can impact cellular immunity; 
for instance, NFkB signaling is disrupted in infected cells, infected dendritic cells remain 
functionally immature, and infected antigen presenting cells downregulate MHC II 
through mechanisms that are still unknown (Shapira et al., 2005; Payne et al., 2003; 
Luder et al., 2001; Luder et al., 1998; McKee et al., 2004).  As discussed, infected cells 
are also capable of disseminating parasites throughout the host.  To become infected, 
cells must first come into contact with parasites in the lamina propria, but the early 
events that mediate these interactions have not been defined.  To better understand the 
events leading to cellular infection within the small intestine, LysM-eGFP (neutrophils 
and monocytes) and CD11c-YFP (dendritic cells) mice were orally infected with Pru 
Tomato cysts and the interactions between cells and parasites were evaluated by live 
whole-tissue two-photon and confocal microscopy, as described in Chapter two of this 
dissertation.  Oral infection results in the establishment of parasite plaques in the lamina 
propria of the small intestine that are recognized by both dendritic cells and LysM+ cells.  
As expected, LysM-eGFP cells amass specifically within infected villi, and as such these 
cells are highly infected; however, dendritic cells in CD11c-YFP mice accumulate in villi 
at the peripheral edges of plaques and are not observed within villi at the plaque center.  
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These results imply a complexity of intestinal infection that has yet to be observed during 
T. gondii infection. 
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CHAPTER 2: Monitoring the early stages of oral Toxoplasma gondii 
infection 
 
Introduction 
Many bacteria, protozoans, and helminths pathogens initially invade their hosts 
via the intestinal mucosal surface where they must survive the hostile environment, 
attach to the epithelium, and evade host anti-microbial responses in order to establish 
infection. While some pathogens such as E. coli, Giardia lamblia, and certain helminthes 
survive in the hostile environment of the intestinal lumen attached to epithelial cells, 
other orally acquired pathogens establish infection by crossing the epithelial cell barrier 
and infecting cells within the lamina propria.  For T. gondii, initial ingestion of oocysts or 
bradyzoite cysts leads to the infection of intestinal epithelial cells and lamina propria 
cells, followed by the dissemination of the the tachyzoite replicative form,throughout the 
host.  Resistance to this infection is dependant on the co-ordinated action of monocytes, 
neutrophils, dendritic cells, natural killer cells, and T cells that lead to a Th1 type immune 
response, which is dominated by the production of IFN-γ and results in the clearance of 
tachyzoites from the host (Buzoni-Gatel et al., 2006; Dunay et al., 2010). 
 The ability of T. gondii to effectively establish chronic infection within the host 
depends on its ability to evade an array of anti-microbial responses and to disseminate 
from the intestine at early time points.  While parasite dissemination mechansisms 
remain unclear, differences in extracellular migration by parasite strains has been linked 
to virulence phenotypes; further, recent studies suggest the parasite’s ability to increase 
the migration of dendritic cells as a mechanism for dissemination (Barragan and Sibley, 
2002; Bierly et al., 2008; Lambert et al., 2009; Lambert et al., 2006).  Thus, based on 
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cellular infection studies, Courret et al. proposed that dendritic cells or monocytes 
infected in mucosal tissues could act as an effective means of dissemination (Courret et 
al., 2006).  However, attempts to build on this model have been limited by the available 
information regarding cellular infection and immune-mediated parasite control at the 
initial site of infection in the small intestine.  
 The current model of T. gondii oral infection maintains that initial cyst rupture 
results in the release of dormant zoites that infect the lamina propria of the intestine by 
either infecting, invading through, or passing between epithelial cells (Dubey et al., 1997; 
Dubey, 1997; Speer and Dubey, 1998; Barragan et al., 2005).  Early immuno-
histochemistry studies indicate that parasite presence is greatest within the intestinal 
ileum; however, real-time PCR analysis found that the highest parasite burden was 
located in the jejunum after oral infection (Dubey et al., 1997; Dubey, 1997; Speer and 
Dubey, 1998; Courret et al., 2006).  Regardless, once within the lamina propria, 
parasites invade and replicate within a variety of cell types, including neutrophils, 
macrophages, lymphocytes, and epithelial cells; importantly, no single cell type harbors 
a greater parasite burden compared to the other cell types (Dubey, 1997; Speer and 
Dubey, 1998; Courret et al., 2006).  T. gondii infection and replication in the intestinal 
tissues results in severe pathology, ulceration, and in some cases lethal ileitis, which is 
thought to be exaggerated by the breakdown of the epithelial barrier and bacterial 
translocation (Dubey, 1997; McLeod et al., 1989; Liesenfeld et al., 1996; Heimesaat et 
al., 2006; Dubey and Adams, 1990).  Although contradictory findings exist, overall the 
literature suggests that the establishment of initial infection leads to parasite 
dissemination throughout the intestine, but how this dissemination occurs in the lamina 
propria remains unclear.  
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In order to better understand host-pathogen interactions in the small intestine, 
transgenic T. gondii expressing fluorescent tdTomato protein were observed with flow 
cytometry to identify the infected cell types following oral infection.  Unexpectedly, multi-
photon imaging of intestinal whole mounts revealed that parasite infection leads to the 
formation of plaques that encompass multiple villi; further, while LysM+ cells traffic into 
these plaques, CD11c+ cells remain in the villi surrounding them.  These studies provide 
new insights into T. gondii replication and host recognition at the initial site of infection 
and suggest that the luminal spread of parasites at later time points may increase 
parasite dissemination throughout the intestine. 
 
Materials and Methods 
Mice 
Female C57Bl/6, Swiss Webster, and CBA mice were obtained from The 
Jackson Laboratories at six to eight weeks of age.  CD11c-YFP and LysM-eGFP (a gift 
from Dr. David Sacks at the NIAID, NIH) mice were bred in a specific-pathogen free 
facility at the University of Pennsylvania.  All experiments were conducted within US and 
international guidelines and approved by the University of Pennsylvania Institutional 
Animal Care and Use Committee. 
 
Parasites and cell cultures 
Wild-type Prugniaud and Pru-P30-OVA used for fluorescence imaging were 
engineered to express tandem dimer tomato fluorescent protein targeted to the 
cytoplasm using the Bluescript pKS(+)-derived plasmid tubtdTomdhfr with a 
sagPhleosag cassette.  The tdTomato gene was prepared for insertion into the plasmid 
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by PCR amplification of the gene using primers linking Bgl II and Avr II restriction sites to 
the gene.  The final plasmid was generated through restriction digestion of both the 
ptubCATOVAdhfr plasmid and the tdTomato PCR product with Bgl II and Avr II, T4 
enzyme ligation of the products, and amplification within chemically competent bacteria.  
Transformation of 10^7 freshly lysed tachyzoites with the ptubtdTomdhfr plasmid was 
carried out in 2-mm gap cuvettes using a BTX electroporator.  Tomato positive parasites 
were selected with phleomycin (Invitrogen) as described by Messina et al. in which free 
parasites were incubated in non-supplemented DMEM (Gibco) and 50 µg/mL 
phleomycin for four hours.  Parasites were then cultured in fresh human foreskin 
fibroblast (HFF) monolayers under D10 media (DMEM supplemented with 10% fetal 
bovine serum ) supplemented with 5 µg/mL phleomycin, as previously described (Roos 
et al., 1994; Messina et al., 1995).  At least four rounds of drug selection were performed 
prior to injection into CBA mice for cyst generation and cloning.   
Prugniaud strain T. gondii parasites were maintained by serial passage in HFFs 
that were cultivated in D10.  Extracellular tachyzoites were purified by filtration through 
3.0-mm filters (Nuclepore) and washed in phosphate buffered saline (PBS).  Cyst stages 
of Pru Tomato OVA (John et al., 2009) and Pru Tomato (Chtanova et al., 2008) were 
maintained through serial passage in Swiss Webster and CBA mice (McLeod et al., 
1984).  For infections, brains of chronically infected mice were mechanically separated 
by passage through a series of 18, 20, and 22 gauge needles; cell suspensions were 
then spun at 1500 rpm for five minutes.  Cysts were counted in whole brain homogenate 
and approximately 50 cysts were administered orally to mice with a 20 gauge gavage 
needle. 
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Intestinal whole mounts and plaque counting 
 To visualize plaques throughout the entire small intestine, a whole mount 
technique developed by MacDonald et al. was modified (McDonald and Newberry, 
2007).  For these experiments, mice were infected orally with approximately 50 Pru 
Tomato cysts. Small intestines from naïve and day three or day six infected mice were 
separated into 4 equal segments and cleared of luminal contents by gentle perfusion 
with PBS using a 10 cc syringe and 20 gauge needle.  Individual segments were cut 
open longitudinally and laid out with the lumen displayed in plastic dishes before being 
embeded in 1.5% agarose in PBS.  Application of agarose around the sides of the tissue 
without run-over onto the luminal surface was carried out using GeneMate plastic 
transfer pipets.  If necessary, further luminal washes with PBS could be administered at 
this point by the addition of PBS to the dish followed by gentle rocking.  Tissues were 
fixed in 4% PFA overnight at 4°C; tissues were stored in PBS at 4°C up to one week 
prior to counting.  Parasite plaques were counted from the red channel on a Nikon E600 
epifluorescence scope with a 10x objective.  Plaques were measured as the number of 
villi positive for tomato fluorescence; plaques were considered distinct when separated 
from other infected villi by one or more uninfected villi.   
 
Confocal image tiling 
 The jejunum and ileum of the small intestine from naïve and six day, Pru Tomato 
orally infected mice were imaged on a Leica SP5 microscope using a 10x dry objective 
lens with LGK 7872 ML05 Argon and 543 nm diode lasers.  Representative images were 
obtained in 12 bit format with 512 x 512 dots per inch (dpi).  Preparation of the small 
 39 
intestine from the junction of the stomach to that of the cecum consisted of removing the 
mesentery, dividing the intestine into four equal segments, and washing the lumen 
through perfusion with PBS as described for whole mounting.  Two, four centimeter 
pieces from the jejunum and ileum were opened longitudinally to expose villi; intestinal 
segments were adhered to glass slides with a thin layer of Vetbond tissue adhesive 
(Fisher Scientific).  An evenly distributed layer of Vetbond was achieved on the slide 
prior to tissue adhesion by using a glass coverslip to smear 15 – 25 µL of Vetbond 
across the slide surface.  Excess Vetbond was removed to ensure that no adhesive 
contaminated the luminal surface of the tissue.  Once applied, the tissue was kept moist 
by pipetting a thin layer of DMEM containing no phenol red (Gibco) onto the tissue 
surface.  A glass coverslip was placed on the surface of the tissue for imaging.   
 Individual confocal Z-stacks, or tiles, were merged into one large-scale image that 
comprised several millimeters of the intestinal segments.  To create these images, a 
Leica SP5 confocal microscope equipped with a motorized stage was used in 
conjunction with the tile scanning functions provided by the LAS AF software, to create 
boundaries in the X, Y, and Z directions.  Image depth in the Z-plane was determined as 
fluorescence was detected across the entire tiling grid, and images were acquired every 
10 µm.  Adjacent tiles were automatically merged together with 10% overlapping area by 
the LAS AF software to create the large-scale image.   
 
Two-photon microscopy 
The small intestine, including Peyer’s Patches, from naïve and three and 6 day 
Pru Tomato orally infected mice were removed, cleaned of the mesentery, and divided 
into four equal segments.  These segments were maintained ex vivo at room 
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temperature in DMEM without phenol red.  Immediately prior to imaging, jejunal and ileal 
segments approximately 1 to 1.5 cm in length that were devoid of Peyer’s Patches and 
luminal contents were removed from the intestine, gently patted dry, and opened 
longitudinally.  12-mm round glass coverslips were prepared with a thin layer of VetBond 
and the muscle layer of the opened intestinal segments was adhered to the surface to 
display the luminal surface.  Once applied, the coverslips were placed into the imaging 
chamber (Warner Instruments) and steadied for imaging by embedding in 1% agarose 
(Chieppa et al., 2006).  It was important during this process to avoid transfer of Vetbond 
and agarose to the luminal surface as this interferes with imaging.  During imaging, 
segments were perfused with warm phenol red free DMEM, oxygenated (95% O2/5% 
CO2), and kept at 37°C.  Imaging was completed on a Leica SP5 2-photon microscope 
equipped with 20x water immersion lens, a picosecond laser (Coherent Chameleon; 720 
nm–980 nm), and tunable internal detectors for the detection of emissions of different 
wavelengths and second harmonic signals (SHG).  For optimal imaging depth, 495 nm 
and 560 nm filters in a NDD system were used for fluorescence and SHG detection.  
Excitation of EGFP, YFP and tdTomato was achieved by a laser wavelength of 928 nm.  
Using the Leica LAS AF software (Leica Microsystems), Z-stacks with a step size of 2 
um were taken as fluorescence was detected; image movies were created from Z-stacks 
totaling 24 µm that were taken 30–35 seconds apart.  
 Similar techniques were used to image Peyer’s Patches. Following the mechanical 
removal of the Peyer’s Patches from the intestine, each patch was blotted dry from both 
the muscle and luminal sides.  Peyer’s Patches were then placed on VetBond prepared 
coverslips to expose the muscle surface.  Coverslips were embedded into the imaging 
chamber and perfusion was performed as described for intestinal segments.  Z-stacks 
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and movies were taken as previously described. 
 
Image analysis  
Confocal and two-photon images were analyzed using Volocity software 
(Improvision, PerkinElmer Company) measurement and tracking tools.  Distribution of 
LysM+, CD11c+, and parasite infected cells across portions of the small intestine was 
determined using tiled confocal images acquired with identical bit and dpi.  To determine 
the distribution of cells radially from a central parasite infected villus, a region of interest 
(ROI) was drawn manually around this villus and the total villi, total infected villi, volume 
(µm3), tomato fluorescence intensity, and GFP/YFP fluorescence intensity were 
calculated by the Volocity program.  Additional ROIs were drawn, with each 
incorporating an additional villus unit on all sides of the previous ROI (Fig 5 A).  With 
each ROI, the data were recorded and adjusted to account for the previous ROI.  
Expansion of the ROI was repeated until it could no longer be extended due to the 
boundaries of the image or presence of an additional parasite plaque; an average of 
seven ROIs were acquired per plaque, representing 6 rings from the center villus.  
Multiple plaques were assessed from each individual mouse, and a total of three mice 
per group were used.  Fluorescence intensity for both tomato and GFP/YFP were 
quantified per villus per ring (Fig 5 B).   
Cell distribution was also determined using a transect line crossing a single 
plaque (Fig 5 C).  Fluorescence intensity along a user defined transect line can be 
analyzed by Volocity, but only in a single plane of focus.  To determine the fluorescence 
intensity along a transect line in the X, Y, and Z directions, lines were drawn in each Z 
plane and made to overlap in both the X and Y directions.  Values for Tomato and 
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GFP/YFP fluorescence intensity and distance along each Z plane line were exported to 
Microsoft Excel and combined to assess total fluorescence across the area of a plaque.  
Multiple plaques from three mice per group were assessed (Fig 5 D).  
Cell velocity was determined as the movement of a cell’s center, whether in an X, 
Y, or Z direction over time as determined by manual tracking in the Volocity program.  
Values in µm/min were exported to Microsoft Excel for further analysis.  Definitions and 
protocols for such analysis are described by Zinselmeyer et al. (Zinselmeyer et al., 
2009). 
  
Infected cell characterization  
C57Bl/6 mice were orally infected with whole brain homogenate containing 
approximately 50 Pru Tomato OVA or Pru Tomato cysts either three or 6 days prior to 
euthanasia.  Naïve, three, and 6 day infected mice were euthanized and small intestine, 
Peyer’s Patches, mesenteric lymph nodes, spleen, and blood were collected for 
processing.  Small intestinal lamina propria was isolated through EDTA/DTT treatment 
followed by collagenase treatment (0.5 mg/ml) and a percoll gradient (Zaph et al., 2006).  
Peyer’s Patches and spleen were digested for 30 minutes at 37°C in collagenase and 
mechanically disrupted.  MLNs were mechanically disrupted to obtain a single cell 
suspension.  Red blood cells were lysed using 0.48% NH4Cl in water.  Cell suspensions 
were stained for dead cells with Invitrogen’s Aqua Blue Live/Dead dye (Perfetto et al., 
2006) and with antibodies for cell markers Ly6C, F4/80, CD3, CD19, NK1.1, CD11c, 
CD11b, CD8, CD4, MHC II, and B220.  Cells were analyzed using a digital BD LSRII 
equipped with DIVA software; further analysis was performed using FlowJo software.  
Cell populations were characterized as described in Table 1. 
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 Figure 5 Determination of fluorescence as a measure for cell distribution in the 
intestine 
Figure 5.  As described, confocal Z-stacks tiled to form a single image are used to 
determine fluorescence associated with plaques by either radial fluorescence (A and 
B) or transect line fluorescence (C and D) methods.  Examples of the imaging 
analysis (A and C), and representative data (B and D) for a single plaque are 
presented for both methods.  (A) Manually drawn ROI’s (yellow lines) are similar to 
those drawn when using the Volocity software, and numbers designate the number 
of villus units to the center villus of the plaque.  (B) Fluorescence intensity for both 
Pru Tomato and YFP are graphed according to their distance from the center, in 
villus units.  (C) A representative transect line (yellow line) is superimposed on the 
compressed Z-stack image of a plaque.  During analysis, images are not 
compressed, and overlapping transect lines are drawn for each Z plane as 
described.  (D) Fluorescence intensity for both Pru Tomato and YFP provided by 
Volocity software is measured across the length of the transect lines, and 
represented as such.  This image was acquired from a CD11c-YFP mouse infected 
six days prior to imaging with approximately 50 Pru Tomato cysts.  Green= CD11c-
YFP, Red= Pru Tomato.  Yellow lines are representative and not the actual lines 
drawn to obtain the data.  Data represented is the actual analysis of the presented 
plaque. 
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Table 1 Cell characterization flow cytometry panel  
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B cell + + +        
CD4
+ 
T cell +   +       
CD8
+
 T cell +    +      
DN DC -    - + -    
CD11b DC -    - + +    
CD8 α DC -    + +     
pDC -  +   +  +   
Macrophage -      +  +  
Monocyte -      + +  + 
Neutrophil -      + + + - 
Table 1:  Cell populations described in these experiments were identified by flow 
cytometry using multiple cell surface markers.   Ticks (+ = stain positive for marker; - 
= do not stain for marker) indicate specific use of a particular surface marker in 
identifying the population on the left.  B & T denotes a general gate, staining for the 
B and T cell markers, CD3, CD19 and NK1.1.  Note that DN DC indicates a 
population of CD11c+ dendritic cells that are “double negative,” or negative for both 
CD11b and CD8α. 
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Results  
Time course of T. gondii infection in the mucosa  
In order to better understand early events during toxoplasmosis, C57Bl/6 mice 
were infected orally with Pru Tomato cysts.  On days three and six post-infection, cell 
populations from the lamina propria, Peyer’s Patches, mesenteric lymph nodes, blood, 
and spleen of infected mice were analyzed by flow cytometry to determine which cell 
types were infected with T. gondii.  The infected cells within each organ were easily 
distinguished as a population of cells absent in naïve controls and distinct from the 
uninfected cell population; infected lamina propria cells on days three and six post-
infection are depicted in figure 6.  In these experiments, at day three post-infection a 
small population of infected cells averaging approximately 0.01 percent of the population 
was readily detected within the lamina propria, Peyer’s Patches, and mesenteric lymph 
nodes (Fig 6).  By day six post-infection, the infected cell population had increased 
rapidly and was at least 10 fold higher at these mucosal sites compared to blood and 
spleen samples (Fig 6). 
  
Toxoplasma establishes ‘plaques’ within the small intestine lamina propria 
The high parasite burden observed within the small intestine by flow cytometry 
indicated that T. gondii replication continued within this tissue even after parasite 
dissemination and the initiation of protective immune responses.  To determine where 
parasite replication occurred within the intestine, mice were infected with Pru Tomato 
cysts; at days three and six post-infection the length of the small intestine was divided 
into four equal sections, whole mounted, and examined for fluorescence (Fig 7).  On day 
three post-infection, individual or several closely associated villi, were identified with 
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multiple parasites primarily within the second section of the small intestine, which 
corresponded to the proximal jejunum (Fig 7 A and B).  Between days three and six 
post-infection, the number of plaques increased throughout the intestine (Fig 7 C).  By 
day six, multiple adjacent villi were densely packed with replicating parasites in a 
‘plaque’ structure (Fig 7 A).  Multiple plaques were found throughout the small intestine, 
and their size varied from as few as one infected villus to more then 100 infected villi (Fig 
7 B). 
These results in, conjunction with two-photon imaging of MHC II GFP reporter 
mice label antigen presenting cells as well intestinal epithelial cells and hence 
distinguishing the lamina propria from the intestinal lumen, indicated that single parasites 
were outside of villi within the intestinal lumen (Fig 8 A-C) (Chieppa et al., 2006; Bland, 
1988).  Luminal contents from mice infected for three or six days were isolated in PBS 
from the intestinal tract and large particles were filtered out using a 0.5 µm filter.  A small 
aliquot of filtered luminal contents assessed by fluorescence microscopy showed the 
presence of tomato positive tachyzoites only in samples from infected animals (Fig 8 D).  
When the remaining contents were used for intraperitoneal infection of naïve Swiss 
Webster mice, luminal contents from mice infected for three and six days resulted in 
infection 35% and 80% of the time, respectively (Fig 8 E).  Combined, these results 
indicate that viable parasites can be found within the intestinal lumen and these 
parasites may be involved in the dissemination of the parasites throughout the gut.  
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 Figure 6 Parasite burden in tissues three and six days post-infection  
Figure 6. Flow cytometry analysis of cells from infected mice displays a distinct 
population of parasite positive cells represented as dot plots from the lamina propria 
of naïve, 3 dpi, and 6 dpi mice (A).  Values displayed on the graphs indicate percent 
of total live cells for that sample.  (B) Accumulated data from three separate 
experiments from the lamina propria (black), Peyers Patches (dark grey), 
mesenteric lymph nodes (grey), blood (light grey), and spleen (charcoal).  Standard 
error is represented for each condition and limit of detection as determined by naïve 
controls is indicated by the dashed line. 
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Figure 7 T. gondii replication in the small intestine results in the expansion of 
plaques to adjacent villi  
Figure 7. Quantification and visualization of parasite plaques determined by 
fluorescence microscopy of four equally divided, whole mounted intestinal sections.  
(A) Visualization of parasite plaques by two-photon microscopy in infected MHC II 
GFP (green) mice demonstrates the typical formation of parasites (red) within villi, 
and size of plaques observed during fluorescence counting (blue= secondary 
harmonic resonance).  Size associated with scale bar is indicated.  (B) Plaque sizes 
are represented as the number of adjacent infected villi on days three (grey) and six 
(black) post-infection for n= 12 and 9, respectively.  Bars indicate mean and 
standard error.  (C) Number of plaques counted per intestinal section were 
averaged per mouse for three (grey) and six (black) days post-infection as in A.  
Error bars represent the standard error.   
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Figure 8 Mechanism of autoinfection by viable parsites isolated from the intestinal 
lumen  
Figure 8. High-resolution two-photon images of MHC II GFP mice six days post-
infection, depict Pru Tomato parasites outside of the epithelial barrier, in the lumen 
of the intestine (A and B).  Image stills from various positions around a Volocity Z-
stack 3D reconstruction, illustrates the presence of at least one parasite adjacent to 
an uninfected villus (C).  Mouse luminal contents isolated on days three and six 
post-infection contained extracellular Pru Tomato parasites observed by 
fluorescence microscopy (D; scale bar indicates 10 µm).  Parasites isolated from 
mouse luminal contents three and six days post-infection transferred infection to 
naïve animals in 38 and in 80 percent of infections, respectively, as determined by 
flow cytometric analysis for Tomato positive cells (E).  Green= MHC II GFP, Red= 
Pru Tomato, Blue= DAPI. 
Tomato fluorescence 
Bright field 
DAPI 
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Phenotypic analysis of infected cells 
To determine what specific cell types were infected with T. gondii, cell 
populations from the lamina propria, Peyer’s Patches, mesenteric lymph nodes, blood, 
and spleen of mice infected for three or six days with Pru Tomato were analyzed by flow 
cytometry to distinguish macrophages, monocytes, neutrophils, B cells, T cells, and 
dendritic cell subsets.  Results from this analysis are presented in figure 9 and indicate 
that cellular infection varied slightly between lymphoid-associated tissues.  However, the 
profile of infected cells in the lamina propria was significantly different.  Although the 
infected cell populations in all tissues on days three and six post-infection was primarily 
reflective of the composition of the total cell population, there were increased numbers of 
infected phagocytic cells, most notably monocytes, neutrophils, and to a lesser extent 
dendritic cells (Fig 9).  The largest differences between the infected population of the 
lamina propria and the lymphoid tissues was in the lymphocyte populations; however, 
these differences were reflective of the population density of these cells between organs.  
Therefore, the percent of the infected population composed of lymphocytes was high in 
lymphoid organs where numbers were high, while the lamina propria harbors fewer 
lymphocytes leading to a smaller infected lymphocyte population. 
Parasite burden in the blood and spleen were insufficient on day three post-
infection to accurately describe the infected cell populations (data not shown).  However 
on day six post-infection, several infected cell types were observed that included 
dendritic cells and B and T cells (Fig 9).  Although splenic parasite burden between 
specific cell populations at day six post-infection was more evenly distributed amongst 
the phagocytic cell populations compared to mucosal sites at this time point, the similar 
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frequency of infected phagocytic cells comprising the entire population makes 
determination of mucosally-derived cells difficult (Fig 9).  
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Figure 9 Composition of the infected cell population in tissues on days three and 
six post-infection  
Figure 9.  Characterization of the infected cell populations from the lamina propria, 
Peyer’s Patches, and mesenteric lymph nodes on days three and six post-infection, 
and the blood and spleen on six days post-infection.  Cell types represented are 
indicated by the figure legend and cell markers used in phenotyping are indicated in 
Table 1. 
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Analysis of infected cell interaction with endogenous effector cells 
As monocyte and neutrophil populations appeared to be the cell populations 
predominately infected with T. gondii, LysM-eGFP mice were used to characterize the 
behavior of these cell populations within the intestine.  LysM-eGFP mice were infected 
orally by gavage with 50 Pru Tomato cysts and intestinal segments from either the 
jejunum or ileum were prepared for wide-field confocal or live two-photon imaging on day 
six post-infection.  Parasite plaques were readily apparent at day six post-infection; 
however, despite an increased immune response at this time point, LysM-eGFP 
fluorescence intensity, a measure for cell presence, in areas without parasite replication 
was often undetectable.  Observation of LysM-eGFP bright cells, thought to be 
neutrophils or mature monocytes, occurred primarily within parasite plaques, indicating 
that these cells specifically influxed to infected areas between days three and six post-
infection (Fig 10 A - D).  
 Further analysis using time-lapse microscopy revealed that the LysM-eGFP 
bright cells present within the lamina propria of infected mice exhibited a decrease in 
their velocity, meandering index, and displacement rate compared to naïve mice.  These 
results suggest that LysM-eGFP bright cells migrate to plaques, where they then slow in 
response to the presence of parasites.  In contrast, in naïve mice LysM-eGFP bright 
cells move rapidly to maintain surveillance of the tissue (Fig 10 F).  Some swarming 
activity was observed in intestinal plaques; however, because plaques already contained 
neutrophils by six days of infection, few such events were observed (Fig 10 E).   
 In plaques on day six post-infection, the observable number of LysM-eGFP 
intermediate cells decreased per villi compared to naïve mice.  As many of these cells 
were CD11bint dendritic cells, and dendritic cells control T. gondii infection, CD11c-YFP 
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animals were imaged ex vivo to more specifically visualize dendritic cell localization 
during infection.  Compared to villi in naïve animals, YFP intensity in infected mice was 
significantly higher, consistent with increased numbers of dendritic cells in the gut in 
response to infection.  Z-stacks of jejunal and ileal areas of the small intestine revealed 
that within densely infected villi, few CD11c-YFP cells were present and YFP intensity in 
these villi was often bellow the intensity observed in villi from naïve mice (Fig 11 A-C).  
At the periphery of plaques, YFP intensity increased over that seen in naïve mice and 
non-infected areas of the small intestines of infected mice (Fig 11 D-E).  Thus, dendritic 
cells appear to be excluded from the central portion of parasite plaques despite their 
increased presence around the plaque.   
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Figure 10 LysM+ cells migrate specifically to areas of parasite replication where 
they interact with parasites 
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Figure 10.  LysM-eGFP cells (green) uniformly distributed across villi in naïve mice, 
but present primarily in parasite (red) plaques on day six post-infection as observed 
by confocal and two-photon microscopy (A-C).  3D projection of plaques indicates 
LysM+ cells along the height of villi (B-C).  Analysis of GFP and Tomato 
fluorescence distribution moving out radially from a center villus by a one villus unit, 
indicates association between LysM+ cells and parasites (D).  Distribution was 
determined from multiple intestinal plaques from the duodenum and ileum of mice 
infected by gavage six days prior with 50 PruTomato cysts.  Migration of cells in 
infected villi decreases compared with migration in naïve mice and neutrophil 
swarming behavior was observed (F & E).  Image analysis was completed using 
Volocity software. n= 1 (D) and 4 (E-F). 
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 Figure 11 CD11c+ cells associate around the periphery of plaques in the small 
intestine 
 
Figure 11. CD11c-YFP cells (green) are uniform across villi in naïve mice.  In 
PruTomato (red) infected mice (50 cysts by gavage 6 days prior to imaging), 
CD11c+ distribution is increased at the periphery of plaques compared to non-
infected sections of the intestine, but are absent from the center of plaques (A-C). 
Image analysis of YFP and Tomato fluorescence distribution as in LysM+-eGFP 
images, indicates increased YFP in villi outside of parasite plaques (D).  Analysis of 
a transect line across a single plaque models the peripheral distribution of CD11c+ 
cells along the line (E).  Image analysis was completed using Volocity software. n= 
3 (D) and n= 1 (E). 
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Discussion  
The work described here has revealed several unappreciated aspects of the 
biology of intestinal T. gondii infection.  Although several studies have shown that 
parasites are present within the intestine beyond the initial stages of infection, much of 
the work has stressed the early dissemination of parasites from the mucosal tissues, not 
the sustained intestinal parasite burden (Dubey, 1997; Sumyuen et al., 1995).   Analysis 
of parasite DNA content showed that parasite burden throughout the intestine increased 
exponentially over the first six days of infection, indicating that parasite replication at this 
site appears to be largely unchecked (Courret et al., 2006).  Also, significantly higher 
parasite burdens were observed at mucosal sites compared to the spleen, an organ 
parasitized solely by T. gondii dissemination. These findings suggest that the majority of 
parasite replication occurs in mucosal tissues despite early parasite dissemination.  The 
maintenance of a high parasite burden within the intestine may provide a continuous 
point source of parasites for dissemination. 
During T. gondii infection, several hematopoetic cell types, including antigen-
specific T cells, macrophages, neutrophils, monocytes, natural killer cells, and dendritic 
cells, have been identified as being important in controlling parasite replication and 
activating antimicrobial response mechanisms (Buzoni-Gatel et al., 2006; Dunay et al., 
2008; Dunay et al., 2010; Mordue and Sibley, 2003; McLeod et al., 1980; Buzoni-Gatel 
et al., 1999; Chardes et al., 1994; Robben et al., 2005).  In the process of responding to 
this challenge, many of these populations are themselves infected by parasites as 
demonstrated most directly by increased percentages of infected infiltrating neutrophils 
and monocytes in the lamina propria, which is in broad agreement with the existing 
literature (Courret et al., 2006; Bierly et al., 2008; Lambert et al., 2006; Chtanova et al., 
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2009; Persson et al., 2009).  As many of the highly infected cell types were phagocytic in 
nature, it is also possible that increased phagocytic properties of cells resulted in the 
increased observation of infection, or that phagocytic cells interact more with parasites at 
early time points resulting in higher rates of parasite infection.  When specifically 
investigating the infected cell types found in the small intestine during oral infection with 
T. gondii cysts, Courret et al. (2006) found that the dominant infected cell type was 
initially CD11c+ CD11b-, which rapidly changed to CD11c- CD11b+ cells, or monocytes, 
the cell type also observed to be most frequently parasitized in the bloodstream (Courret 
et al., 2006).  Similarities in lamina propria infection between the work of Courret et al. 
and this work include the identification of an infected CD11c+ cell population in the 
lamina propria, Peyer’s Patches, and mesenteric lymph nodes, as well as a large portion 
of infected CD11b+ cells in the lamina propria and blood by day six post-infection.  In 
considering these results, monocytic cells in the bloodstream were proposed to be 
disseminators of T. gondii infection; however, several groups have focused on infected 
CD11c+ dendritic cells in this role based on their increased motility over other leukocyte 
populations (Courret et al., 2006; Bierly et al., 2008; Lambert et al., 2009; Lambert et al., 
2006; Lambert et al., 2011).  
This report is the first to utilize multi-photon microscopy of live ex vivo intestinal 
tissue as well as whole mounted tissue to assess the intestinal interactions and biology 
of an oral T. gondii infection.  Typically, T. gondii intestinal infection studies have 
detected parasites by immuno-histochemical analysis with antibodies recognizing either 
brady or tachyzoite antigens. Further, while parasite presence throughout the small 
intestine is accepted, much of the literature has focused on ileal infection with few 
observations of parasite ‘foci’ or lesions being described (Dubey et al., 1997; Dubey, 
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1997; Liesenfeld et al., 1996).  The current study identified discrete areas of T. gondii 
infection amongst villi, closely resembling parasite plaques observed in undisturbed 
infected cell monolayers.  Observations of few infected villi at three days post-infection 
implies that each counted plaque is the result of an initial bradyzoite infection in a single 
villus, with multiple infected villi indicative of plaque expansion.   
Although plaque expansion may occur via retrograde transmission of parasites 
through the lamina propria to adjacent villi, the lack of diffuse parasites throughout the 
tissue on day six post-infection suggests that dissemination is controlled, or that there 
are mechanisms outside of villus-to-villus spread.  One such mechanism could be 
parasite transfer through the intestinal lumen from lysed epithelial cells to adjacent villi 
mediated by their close proximity.  This model is supported by the presence of free, 
viable and infective tachyzoites in the lumen of the intestine at both three and six days 
post-infection, observed both here and by Manwell et al. (Manwell et al., 1945).  The 
continued presence of single villus plaques at six days post-infection as well as the lack 
of plaques observed after i.p. infection with Pru Tomato further confirm a model of 
luminal spread.  It is possible that viable parasites released into the intestinal lumen are 
blocked from infecting new epithelial cells by mucus production or antibody responses; 
however, parasites are capable of infecting host cell monolayers after moving through a 
mucus-like substance (Matrigel), and primary antibody responses against T. gondii are 
not mounted until later during infection (Chardes et al., 1990; Barragan and Sibley, 
2002).  A model for parasite luminal spread has been observed in other related 
protozoan species including Cryptosporidium parvum and Eimeria species, though 
unlike these pathogens there is no evidence for an alternative stage of T. gondii that 
may increase the survival of parasites while within the intestinal lumen (Manwell et al., 
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1945; Current and Long, 1983; Fayer and Ungar, 1986).  For this reason, autoinfection 
by T. gondii may be a secondary product of parasite release into the lumen after natural 
cell lysis, though the benefits of such infection may include the evasion of anti-microbial 
responses generated around plaques as seen by multi-photon analysis in LysM-eGFP 
and CD11c-YFP mice. 
The organization of LysM+ and CD11c+ cells in and around parasite plaques, 
respectively, indicates that cells responding to infection home specifically to the infected 
area.  It was clear both here and from other studies that LysM+ cell numbers increased in 
the intestine between days three and six in response to infection.  Additionally, instances 
of swarming activity similar to other models were observed around parasites, indicating 
that neutrophil actions are similar in the intestine to other tissues (Peters et al., 2008; 
Chtanova et al., 2008; Dunay et al., 2008; Dunay et al., 2010).  The observed distribution 
of neutrophils and monocytes amongst parasites is reminiscent of intestinal lesion 
organization seen during other protozoan pathogen infections including N. caninum.  
Although immunopathology and bacterial secondary infection are a source for intestinal 
lesions after T. gondii infection, it is possible that plaques observed here also contribute 
to the observed lesions and necrosis reported after oral infection (Dubey, 1997; 
Liesenfeld et al., 1996). 
When compared to naïve animals, it is clear that dendritic cells are absent from 
densely infected villi.  One hypothesis for this observation is the rapid infection and lysis 
or induction of migration by parasites; alternatively, YFP downregulation could have 
occurred in these cells.  Downregulation of YFP in infected areas seems unlikely as 
bone marrow derived CD11c-YFP dendritic cells infected in vitro did not downregulate 
YFP as assessed by flow cytometry, and dendritic cell absence within infected villi was 
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also observed in CX3CR1 mice (data not shown).  Observation of these cells over the 
short time period imaged indicates that the cells were not highly motile, implying that any 
active exclusion mechanism is localized to densely infected areas and not caused by 
noticeable increases in migration.  It may also be possible that the dendritic cells 
surrounding infected areas are serving to block further parasite dissemination by 
creating a loose granuloma like structure, as seen in lymph nodes after L. 
monocytogenes infection, or acting to guide responding cells to plaques and activate 
antimicrobial responses (Popov et al., 2006).  Further analysis of plaque structures and 
the expression of cytokines and chemokines by dendritic cells specifically surrounding 
plaques are necessary to assess these possiblities.  
In other infection models, researchers have recognized that much of this control 
is mediated at the mucosal interface, but until recently the majority of the work 
investigating the control of T. gondii has not focused on intestinal infection.  In light of 
this work that highlights the increased T. gondii burden and immune cell interactions that 
occur in the intestine, and the increasing literature demonstrating the importance of 
immune control within the intestinal mucosa, it is clear that there is still much to be 
gained by investigating the interactions between parasites and intestinal cells and the 
immune response that is generated after oral infection. 
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CHAPTER 3: Subcellular antigen location influences T cell activation 
during acute infection with Toxoplasma gondii 
 
Introduction 
  Class I Major Histocompatability Complex (MHC I) molecules present peptides 
generated by proteasomal degradation in the cytosol and transport into the endoplasmic 
reticulum, or by cross-presentation of endo/phagocytosed material (Kloetzel, 2004; Vyas 
et al., 2008).  During infection, MHC I antigen presentation is responsible for the 
activation and expansion of specific CD8+ T cells, and is involved in the immune 
response to diverse intracellular pathogens, including viruses, bacteria, and microbial 
eukaryotes (Wong and Pamer, 2003; Harty et al., 2000).  CD8+ T cells are required for 
the control of the protozoan parasite T. gondii during its acutely lytic ‘tachyzoite’ stage, 
and (directly or indirectly) during the chronic ‘bradyzoite’ stage characterized by latent 
cysts in the muscle, brain and other tissues  (Gazzinelli et al., 1992; Parker et al., 1991).  
Activated T cells recognize and destroy both T. gondii parasites and parasite-infected 
cells, and also produce IFN-g, activating reactive oxygen pathways (Khan et al., 1991; 
Khan et al., 1988; Denkers et al., 1993). 
 The route by which T. gondii antigens reach the endoplasmic reticulum for 
loading onto MHC I is not fully understood, as these parasites reside within a specialized 
intracellular ‘parasitophorous vacuole’ (PV) distinct from the phagocytic/endocytic 
pathway and the host cell cytoplasm.  Presentation is dependent on host cell 
immunoproteasomes, TAP, and ERAAP (Blanchard et al., 2008; Gubbels et al., 2005; 
Tu et al., 2009), indicating that parasite antigens must reach the host cell cytosol, and 
several pathways have been proposed, including cross-presentation of phagocytosed 
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parasite material, degradation of the PV membrane, secretion of parasite proteins 
outside of the PV, and fusion of the PV with the host cell ER (John et al., 2009; 
Goldszmid et al., 2009; Ling et al., 2006).  Various immunogenic T. gondii antigens are 
known, including proteins secreted from the dense granules and rhoptries, but 
responses are often both parasite and host strain-specific (Khan et al., 1991; Blanchard 
et al., 2008; Frickel et al., 2008; Wilson et al., 2010).  In order to address the route of T. 
gondii antigen entry into the MHC I presentation pathway, we have examined CD8+ T 
cell activation following infection with parasites engineered to target the well-
characterized antigen ovalbumin to various locations, including the parasite cytoplasm, 
mitochondrion, inner membrane complex, plasma membrane, and the parasitophorous 
vacuolar space.   
 
Materials and Methods 
Ethics statement 
Mouse studies were conducted in accord with all relevant national and 
international guidelines, as approved by the University of Pennsylvania Institutional 
Animal Care and Use Committee.   
 
Parasites and cell cultures 
RH DUPRT DHXPGRT strain T. gondii parasites were maintained by serial 
passage in human foreskin fibroblast (HFF) monolayers, cultivated in Eagle’s Minimal 
Essential Medium (Gibco) containing 1% fetal bovine serum (FBS), as previously 
described (Roos et al., 1994).  Extracellular tachyzoites were purified from host cell 
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debris by filtration through 3.0 mm filters (Nuclepore), and washed in phosphate buffered 
saline. 
 
Molecular methods 
  Expression vectors were based on the Bluescript pKS(+)-derived plasmids 
tubP30OVAdhfr and tubCATOVAdhfr described previously by Pepper et al, in which the 
parasite’s major surface antigen (P30, encoded by the SAG1 gene), lacking the C-
terminal glycophosphatidyl inositol (GPI) addition signal, is fused to amino acids 140-386 
of Gallus gallus ovalbumin (OVA) (Pepper et al., 2004).  Transcriptional regulatory 
sequences were provided by the T. gondii tubulin 1 promoter (tub) and dihydrofolate 
reductase 3’ untranslated region (dhfr).  Plasmids employed in this report substituted the 
following sequences in place of P30 (between tub and OVA, flanked by Bgl II and Avr II 
sites): IMC1 (amino acids 1-608) for targeting to the inner membrane complex (Hu et al., 
2002), heat shock protein 60 (HSP 60) for mitochondrial targeting (amino acids 1-55) 
(Nishi et al., 2008), ROP1 for rhoptry targeting (amino acids 1-396) (Striepen et al., 
1998), or MIC3 for microneme targeting (amino acids 1-358) (Dzierszinski et al., 2004).  
This substitution was completed by digestion of tubP30OVAdhfr and plasmids containing 
the appropriate fusion gene with Bgl II and Avr II, and T4 enzyme ligation of the gene 
with the OVA plasmid.  Retention of P30-OVA in the plasma membrane was achieved by 
adding the P30 GPI anchor motif  (AAGTASHVSIFAMVIGLIGSIAACVA; flanked by Nhe 
I and Afl II sites) to the C-terminus of OVA.  This motif was inserted into the 
tubP30OVAdhfr plasmid by restriction digests and ligation as with other inserts.  All 
plasmids also included a sagCATsag cassette downstream of the OVA reporter gene for 
selecting stable transgenic parasites.  107 freshly harvested extracellular tachyzoites 
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were transfected with 50 µg linearized plasmid DNA (2 mm gap cuvettes, 1.5kEV pulse, 
24Ω), inoculated into HFF cell monolayers in 20 µM chloramphenicol, and incubated 
through three passages prior to cloning in 96 well plates by limiting dilution (Kim et al., 
1993). 
 
Immunofluorescence assays and microscopy 
 Confluent HFF monolayers grown on glass coverslips were inoculated with clonal 
parasite lines expressing OVA, incubated for various times no shorter then 24 hours.  
Prior to immuno-staining, coverslips were fixed at room temperature in 4% formaldehyde 
(in PBS) for 15 min, followed by permeabilization with 0.2% TritonX-100 for 10 min and 
blocking in 10% fetal bovine serum for 30 min.  Cells were stained for 1 hr each with 
rabbit anti-chicken ovalbumin (Bethyl Laboratories; Montgomery, Texas), followed by 
ALEXA 448-conjugated goat anti-rabbit antibodies (Molecular Probes/Invitrogen), as 
described previously (Pepper et al., 2004).  For co-localization, parasites were co-
stained with mouse anti-P30 or anti-IMC1 (kindly provided by Drs. David Sibley, 
Washington University School of Medicine, and Gary Ward, University of Vermont, 
respectively), followed by ALEXA 594-conjugated goat anti-mouse antibodies (Molecular 
Probes/Invitrogen).  Mitotracker (Molecular Probes/Invitrogen) was used as directed by 
the manufacturer for mitochondrial detection, and 10 µM DAPI was applied for 10 min 
before the final washes to attain nuclear labeling.  Images were captured using a Leica 
inverted epifluorescence microscope fitted with a 100W Hg lamp and appropriate filter 
sets.  Image processing was completed using Openlab software (Improvision, 
PerkinElmer Company). 
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Western blots 
  Free T. gondii tachyzoites (2 x 106) were filtered through a 3 mM Nuclepore filter, 
pelleted by centrifugation, washed with PBS, and treated 30 min with DNAse I (0.2 U/µl) 
at 37°C.  Parasite samples and OVA standards (Worthington Biochemical; Lakewood 
NJ), were boiled at 95° C for 10 min in reducing agent and loading buffer and separated 
on a 4-12% bis-tris gel (Nupage; Invitrogen) in MES, in parallel with protein standards 
(MagicMark; Invitrogen).  Protein transfer to nitrocellulose membranes was completed 
using a methanol based transfer buffer and a semi-dry system (BioRad) (Gallagher et 
al., 2001).  After probing with rabbit anti-OVA (Bethyl Laboratories; 1:2000) or anti-
TgDHFR antibody (Reynolds, 1998) and a horseradish peroxidase-conjugated goat anti-
rabbit secondary antibody (Jackson ImmunoResearch; 1:3000), chemiluminescence was 
detected with Immobilon Chemiluminescent HRP Substrate (Millipore; Billerica MA) and 
exposed to Kodak MR X-ray film.  OVA production levels were determined using a 
standard curve generated from purified OVA dilutions of 100 ng to 2.5 ng protein run in 
parallel with parasite samples, and band intensity analyzed using Image J software. 
 
B3Z assays 
  Macrophages (MØ) and dendritic cells (DC) were prepared as described 
previously (Caamano et al., 1999; Lutz et al., 1999).  Briefly, bone marrow was extracted 
from C57Bl/6 female mice, and cultivated 8-9 d in uncoated plastic dishes containing 
RPMI medium, 10% FBS (Gibco), and either 30% L929 culture supernatant (for MØs), or 
20 ng/ml GM-CSF (PeproTech, for DCs).  Cells were inoculated into 96 well flat bottom 
plates at 105 per well, incubated overnight at 37°C, supplemented with medium +/– 
recombinant mouse interferon-g (100 U/ml), and incubated for 4 hr.  Triplicate wells were 
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inoculated with live (MOI = 0.5) or heat-killed (MOI = 5) tachyzoites, recombinant OVA 
(500 µg/ml; Worthington, Lakewood NJ), or OT-I peptide (50 ng/ml SIINFEKL; CHI 
Scientific, Maynard MA), and incubated 12 hr in RPMI + 10% FBS.  Following this 
incubation, wells were gently washed with phenol free RPMI and B3Z T cell hybridoma 
cells (105 / well) were applied to each well for a further 12 hr incubation.  Finally, cultures 
were supplemented with 100 µM chlorophenol red ß-D-galactopyranoside (CPRG; 
Calbiochem), incubated 12 hr, and ß-galactosidase activity assessed by 
spectrophotometric determination of absorbance at 565 nm.  All experiments were 
conducted in triplicate, averaged, and normalized with reference to controls exposed to 
neither parasites nor OVA. 
 
In vivo assays 
 C57Bl/6 and Thy1.1 C57Bl/6 mice were obtained from NCI Production and 
Jackson Labs, respectively; Thy1.2 OT-I TCR transgenics were bred in an SPF facility at 
the University of Pennsylvania.  Thy 1.2 OT-I T cells from pooled spleens and lymph 
nodes of naïve C57Bl/6 female mice were red blood cell lysed with 0.48% NH4Cl prior to 
purifiecation on CD3/CD28 columns as directed by the manufacturer (R&D Systems).  
Purified OT-I T cells were labeled 9 min in 5 µM carboxy fluoresceine succinimidyl ester 
(CFSE; Molecular Probes/Invitrogen) and washed for transfer i.p. to congenic Thy 1.1 
C57Bl/6 females animals (5x105 cells/mouse).  After 24 hr, these animals were infected 
i.p. with 104 T. gondii parasites (RH strain or RH-OVA transgenics) with three mice per 
group.  CFSE levels were determined by flow cytometry (FACs Canto, Becton-
Dickinson) at d3, 4 and 5 post-infection, in order to assess the proliferation of OT-I cells.  
CD8+ T cell activation was determined in parallel by antibody surface staining for CD62L 
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(eBiosciences clone Mel-14), CD44 (eBioscience clone IM7), and CD69 (eBiosciences 
clone H1.2F3).  Data collection and analysis was carried out using DIVA and FlowJo 
software.  In vivo parasite burden was tested using real-time PCR as described 
previously (Wilson et al., 2005).  Briefly, parasite genomic DNA was isolated using the 
High Pure PCR Purification Kit (Roche) and real-time analysis conducted using B1 
primers and Sybr Green PCR Master Mix (Applied Biosystems) on a 7500 Fast Real-
Time PCR System. 
 
Statistical analysis 
  Student’s T tests were completed for the B3Z and flow cytometry assays using 
GraphPad Prism software.  P values <0.05 (*) or <0.005 (**) are indicated. 
 
Results 
Generation of transgenic parasites expressing organelle-specific OVA 
antigen 
  To explore whether antigen access to the MHC I presentation pathway is 
affected by subcellular location of antigen within T. gondii, RH strain T. gondii was 
engineered to stably express the model antigen OVA (amino acids 140-386), fused to 
various organelle-targeting sequences as described under Methods.  The rationale 
behind these experiments was to help distinguish between cross-presentation of 
phagocytosed antigen, versus translocation of antigen across the PV where intracellular 
T. gondii parasites reside (a compartment distinct from the endophagocytic system; 
(Mordue et al., 1999)).  As shown in Fig 12 A (top row), expression of ovalbumin without 
additional targeting signals results in cytoplasmic localization (Cyto-OVA), while fusion to 
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a signal sequence results in secretion into the PV (P30-OVA), as previously described 
by Pepper et al (Pepper et al., 2004).  Co-localization of additional OVA fusion proteins 
with well-characterized markers showed proper targeting to the inner membrane 
complex (IMC-OVA, row 2), the mitochondrion (HSP-OVA, row 3), or the cell surface, 
using a GPI anchor (GPI-OVA, row 4).  Antibodies to OVA label the surface of non-
permeabilized, extracellular GPI-OVA parasites, indicating targeting to the parasite 
membrane (row 4); permeabilization prior to staining also reveals OVA associated with 
internal secretory organelles (ER, Golgi, vesicles), presumably en route to the plasma 
membrane (row 5). 
 As antigen load is known to be important during infection (Wherry et al., 1999), 
OVA levels were assessed by immunoblotting of parasites (Fig 12 B) and infected 
culture supernatants (Fig 12 C).  Levels of OVA produced by individual parasite strains 
ranged from 4.5 to 21 ng/106 parasites.  Secreted antigen was detected only in P30-OVA 
and GPI-OVA culture supernatants (Fig 12 C).  We presume that significant quantities of 
GPI-OVA protein are shed from the parasite surface during parasite gliding motility, as 
has been reported for the endogenous P30 protein (Hakansson et al., 1999).  No 
secreted antigen was detected in culture supernatants following HSP-OVA or IMC-OVA 
infection.  Cyto-OVA was not included on this Western blot, but no secreted OVA was 
detected in Pru Cyto-OVA transgenics (not shown), and note that no secreted antigen is 
visible in figure 12 A (top left).  In vitro assays indicate similar rates of replication for all 
of the transgenics described in this report, and preliminary real-time PCR analysis of 
liver and spleen samples from infected mice indicates <1.5-fold difference in parasite 
burden (data not shown). 
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Figure 12 Stable T. gondii parasite lines expressing transgenic OVA antigen  
 
Figure 12.  (A) OVA protein fused to endogenous targeting signals correctly traffics 
OVA antigen (green) to specific organelles in T. gondii tachyzoites, including: the 
cytoplasm (row 1, left), the parasitophorous vacuole (row 1, right), the inner 
membrane complex (row 2), the mitochondrion (row 3), and the parasite membrane 
(row 4).  Permeabilization reveals intracellular, as well as membrane-bound, GPI-
OVA (row 5).  Co-localization markers (red) include: anti-IMC1 antibody, 
mitotracker, and anti-P30 antibody, as labeled.  Protein expression in stable 
transgenic parasites (B) and culture supernatants (C) was analyzed by 
immunblotting, using antibodies directed against OVA and P30 (loading control). 
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Antigen presentation and T cell activation in vitro correlate with antigen 
secretion 
The ability of OVA transgenic lines to induce MHC I antigen presentation in vitro 
was determined using the ‘B3Z’ CD8+ T cell hybridoma line (Shastri and Gonzalez, 
1993).  Recognition of the OVA antigenic epitope ‘SIINFEKL’ in the context of the H-2Kb 
restricted MHC I mouse background causes activation of these cells to produce ß-
galactosidase, which is readily detected by conversion of CPRG to a purple reaction 
product.  Activated (IFN-γ treated) bone marrow-derived macrophages were able to 
present antigen (activate B3Z cells) when infected with T. gondii parasites secreting 
OVA (P30-OVA and GPI-OVA transgenics), but not parasites harboring intracellular 
OVA antigen (Cyto-OVA, HSP-OVA, IMC-OVA), as shown in figure 13 A.  Significant 
activation was also seen in bone marrow-derived dendritic cells following infection with 
P30-OVA transgenics (Fig 13 B); an increase was observed in GPI-OVA-infected 
dendritic cells as well, although this failed to achieve statistical significance at P<0.05.  
The lower levels of activity observed using GPI-OVA transgenics likely reflect the lower 
levels of OVA secreted by this parasite line (Fig 12 C).  T cell activation was strictly 
dependent on the presence of live T. gondii parasites: heat-killed parasites were readily 
taken up by activated macrophages, but these effectors failed to activate B3Z cells (data 
not shown).  
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Figure 13 Activation of OVA-specific B3Z T cells by T. gondii expressing OVA 
antigen 
 
Figure 13.  Bone marrow derived macrophages (A) and dendritic cells (B) were 
stimulated with OT-I peptide or infected with T. gondii expressing OVA in various 
subcellular compartments (Fig. 1), and co-cultivated with B3Z T-cells in medium 
containing the ß-galactosidase substrate CPRG.  Absorbance at 565 nm is 
represented relative to controls treated with media alone (average of three 
replicate assays).  Results shown are representative of three independent 
experiments.  Asterisks indicate p<0.05 (*) or p<0.005 (**), based on the students 
T-test statistic. 
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Activation of naïve OT-I cells in vivo correlates with OVA secretion  
  In order to determine whether the activation of B3Z T cells by T. gondii-
expressed OVA antigen in vitro reflects T cell activation in vivo, non-activated OVA-
specific CD8+ T cells (OT-I cells) were labeled with carboxy-fluoresceine succinimidyl 
ester (CFSE) and transferred into naïve mice.  Five days after infection with T. gondii 
transgenics expressing OVA or wild-type controls, cells from the peritoneum, parathymic 
lymph node, and spleen were assayed for CFSE dilution and T cell activation markers, 
as shown in figure 14. 
  OT-I cells from uninfected animals, or mice infected with wild-type RH strain T. 
gondii, showed no diminution of CFSE levels, indicating that the T cells were not 
activated by parasite infection per se over the course of this experiment (Fig 14 A, light 
shading).  All mice infected with either of the parasite lines secreting OVA (P30-OVA, 
GPI-OVA) displayed marked dilution of CFSE (Fig 14 A upper left, intermediate and dark 
shading).  The kinetics of CFSE dilution in P30-OVA and GPI-OVA differed, however 
(Fig 14 A, right-hand panels): P30-OVA parasites activated T cell proliferation as early 
as three days post-infection in all three compartments (peritoneal exudate (PECs), 
lymph node, spleen), and by day four essentially all OT-I cells displayed reduced CFSE 
levels.  In contrast, T cell activation by GPI-OVA parasites was first observed at day 4 
and while all OT-I cells had divided by day 5, CFSE dilution still lagged slightly behind 
that observed following P30-OVA parasite infection (upper left).  This delay likely reflects 
slower accumulation of antigen due the slow release of GPI-anchored OVA from the 
parasite cell surface.  Further indication of OT-I cell activation during infection is 
provided by the down-regulation of CD62L and up-regulation of CD44 (Fig 14 B) and 
CD69 (not shown).  Time-course assays indicate similar kinetics of OT-I cell activation, 
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whether measured by CFSE dilution or activation markers (compare the right-hand 
panels of Fig 14 A with Fig 14 B).  Note that while mean fluorescence levels shows a 
significant lag in CD44 up-regulation by GPI-OVA parasites (Fig 14 B, bottom right), the 
histogram (bottom left) indicates that the spectrum of CD44 expression in the GPI-OVA 
sample is closer to the P30-OVA sample than the wild-type control. 
 In contrast to the B3Z assay (Fig 13), which showed no detectable activation of T 
cells by intracellular OVA, the more sensitive in vivo system shows low levels of OT-I cell 
activation by these parasites (Fig 14 A, lower left).  At 5 days post infection, 50% of OT-I 
cells showed a history of proliferation in the IMC-OVA sample, based on reduced CFSE 
levels (note, however that this reflects proliferation of <50% of the starting population, as 
cell numbers double with each division).  These proliferating cells also displayed up-
regulation of CD44 and CD69, and lower levels of surface CD62L (not shown).  30% of 
OT-I cells in the HSP-OVA sample showed evidence of proliferation, while 15% showed 
evidence of proliferation in response to Cyto-OVA; proliferation was observed in only 9% 
of OT-I cells in response to wild-type parasite infection.  These results confirm that T. 
gondii antigens secreted into the PV are readily presented on MHC I.  Intracellular 
antigens are far less prone to MHC I presentation (and may derive from phagocytosis 
and cross-presentation of dead parasites and parasite debris; see below for further 
discussion). 
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Figure 14 Proliferation of adoptively transferred OT-I T cells after infection with 
OVA-expressing T. gondii  
 77 
 
 
 
 
 
 
Figure 14. (A) CFSE levels of Thy1.2+ OT-I T-cells after murine infection with T. 
gondii expressing secreted or GPI-anchored OVA (top left) or intracellular OVA 
antigens (bottom left).  Right-hand panels indicate the time course of OT-I activation 
in various organs (% CFSE-dull cells) following infection with P30-OVA or GPI-OVA.  
(B) CD62L (top) and CD44 (bottom) levels on Thy1.2+ OT-I T-cells after mice were 
infected with T. gondii expressing either secreted or GPI-anchored OVA (left, 
histograms; right, time course). 
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Discussion 
  Activation of CD8+ T cells is known to be critical for the control of T. gondii 
infection (Suzuki and Remington, 1988; Parker et al., 1991).  In order to further clarify 
the basis of MHC I antigen presentation during infection, OVA was expressed in various 
subcellular compartments (Fig 12), including three locales within the parasite (the 
cytoplasm, inner membrane complex, and mitochondrion) and two external locales 
(anchored to the plasma membrane via a GPI anchor, and secreted into the PV).  Efforts 
to stably express OVA antigen in the rhoptries and micronemes were unsuccessful (see 
Methods); while we (and others) have successfully targeted various reporters into these 
organelles in transient transfectants, stable transgenics are often more difficult to obtain, 
and these proteins typically fail to secrete (Striepen et al., 2001).  Our results 
demonstrate that subcellular localization of antigen matters: surface and secreted 
antigen is readily presented, while internal antigen is not (Figs 13 & 14).  While surface 
antigens may be released at low levels from parasites prior to invasion by either dense 
granule secretion or protein shedding (Hakansson et al., 1999; Sibley et al., 1994; 
Seeber et al., 1998), the failure to present OVA from internal compartments, and the 
requirement for living parasites, indicates that biologically relevant antigen loading 
occurs only during active infection, rather than by phagocytosis of parasites or parasite 
debris from lysed host cells.  These results support previous observations with parasites 
secreting OVA or β-galactosidase (Dzierszinski et al., 2007; Gubbels et al., 2005; Kwok 
et al., 2003), although evidence for cross-presentation by uninfected dendritic cells has 
also been reported during Prugniaud P30-OVA infection (John et al., 2009). 
  Activation of OT-I cells induced by presentation of OVA antigen secreted into the 
PV occurs as early as day three post-infection.  These data are consistent with previous 
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reports that CD8 responses against pathogens (including T. gondii) are initiated within 
three days of infection (John et al., 2009; Williams and Bevan, 2004).  By 5 days post-
infection, antigen-specific OT-I cells had proliferated extensively in response to secreted 
OVA, while responses to intracellular OVA were just getting underway (Fig 14).   
  Although OVA is not a native parasite antigen, previous studies have highlighted 
the importance of secreted T. gondii proteins in CD8+ T cell responses to infection with 
various parasite strains (P30/SAG1 (Khan et al., 1991; Kasper et al., 1992; Khan et al., 
1988), GRA6 (Blanchard et al., 2008), GRA4 & ROP7 (Frickel et al., 2008), TGD057 
(Wilson et al., 2010)).  In addition to secreted antigens, the observed CD8+ T cell 
response to GPI-OVA, while slightly lower than responses to P30-OVA (Fig 14), 
suggests the possible importance of the large SAG/SRS family (Jung et al., 2004) as 
subdominant epitopes in Toxoplasma infection.  These findings are also consistent with 
observations on other intracellular pathogens: antigens secreted by either bacteria 
(Listeria monocytogenes) or protozoa (Leishmania major, Trypanosoma cruzi) are more 
effective in activating CD8+ T cells than intracellular antigen (Garg et al., 1997; Bertholet 
et al., 2005; Shen et al., 1998).  In the Listeria system, it has also been shown that T 
cells stimulated by intracellular antigen are limited in their ability to lyse infected cells, 
presumably because intracellular antigens are unlikely to be presented by infected target 
cells (Shen et al., 1998). 
  Both Listeria and T. cruzi live within the host cell cytoplasm, but T. gondii is found 
within the ‘parasitophorous vacuole’, a specialized intracellular compartment distinct 
from the endo-phagocytic pathway (Mordue et al., 1999).  The fact that secreted OVA is 
presented by infected cells therefore implies that this antigen must escape from the PV 
into the cytoplasm.  The mechanism by which OVA reaches the host cell cytoplasm is 
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uncertain, but there is ample precedent for traffic out of the PV (Taylor et al., 2006; Saeij 
et al., 2007; Peixoto et al., 2010; Gubbels et al., 2005).  Previous studies have shown 
that presentation of secreted OVA is dependent on TAP (Dzierszinski et al., 2007; 
Gubbels et al., 2005), which mediates transport from the cytoplasm into the endoplasmic 
reticulum (Suh et al., 1994); additional work suggests that the PV may sometimes fuse 
directly with the endoplasmic reticulum (Goldszmid et al., 2009).  Yet another possible 
model for antigen escape from the PV involves vacuolar membrane breakdown by IFN-γ 
inducible p47 GTPase induced autophagic mediated mechanisms releasing vacuolar 
proteins into the host cell cytoplasm (Ling et al., 2006; Zhao et al., 2009). 
  The use of antigen-specific reagents, including endogenous T cell tetramers and 
T cell-specific mice (Blanchard et al., 2008; Frickel et al., 2008; Wilson et al., 2010; Kirak 
et al., 2010) should provide answers to questions that have been difficult to interpret 
using model antigen systems, including: the differences in T cell responses to multiple T. 
gondii strains, the role of changing antigen availability during parasite differentiation, and 
the generation of memory precursors.  It will still be necessary to examine each antigen 
individually, however, as different antigens can yield different T cells responses, based 
not only on their protein sequence but also subcellular location, perhaps influencing the 
clonality of the immune response.  Further studies will be necessary to understand how 
secreted antigens become accessible to the MHC I pathway, despite their apparent 
confinement to the PV, and such work is likely to offer new insights into the activation of 
CD8+ T cells during T. gondii infection. 
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CHAPTER 4: Discussion and Future Directions 
 
Introduction  
T. gondii infection is of human and veterinary importance throughout the world, and its 
presentation of varying clinical symptoms make it difficult to assess the true impact of 
infection.  What is more, the chronic stages of T. gondii infection are resistant to drug 
treatment.  The goal of this dissertation has been to investigate the early establishment 
of acute infection and immunity to gain a better understanding of how these interactions 
influence long-term infection.  Early innate immune responses such as TLR ligation, IL-
12 signaling, and antigen presentation are critical for host survival and the development 
of pathogen-specific adaptive immune responses that control infection from acute to 
chronic stages (Ju et al., 2009; Yarovinsky et al., 2005; Hou et al., 2011; Hunter et al., 
1995; Gazzinelli et al., 1993; Vossenkamper et al., 2004; Minns et al., 2006).  From the 
perspective of T. gondii, early parasite dissemination throughout the host and 
establishment of latent cysts in the central nervous system is necessary for evasion of 
host immune responses.  As the reactions of both the host and T. gondii are critical 
during infection, initial interactions between host cells and parasites during the earliest 
stages of infection are likely to be important for the establishment of long-term infection 
and immunity.  The work described in this dissertation focuses on the progression of 
parasite infection within intestinal tissue as expansion of the population results in the 
formation of three-dimensional plaques, presumably at the initial site of infection.  
Imaging data indicates that replicating parasites are detected by the immune system and 
responding cells specifically associate with the forming plaque.  Once infected with T. 
gondi, presentation of antigens in the context of MHC I molecules is key for recognition 
and destruction of infected cells by pathogen-specific CD8+ Tcells, and experiments to 
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address entry of parasite proteins into the antigen processing pathway were discussed 
in Chapter three.  This work indicated that secretion or extracellular exposure of antigens 
is essential for generating antigenic peptides, but the mechanisms by which parasite-
derived proteins enter into the MHC I pathway remain unclear. 
 
Summary, discussion, and future directions 
Activation of adaptive immunity 
As discussed in the introduction of this dissertation, T cell activity controls 
parasite replication and results in the establishment of chronic parasite infection.  
Adaptive T cell responses are also necessary for continued surveillance of latent 
parasites, preventing their recrudescence.  T cell activity is mediated by the presentation 
of parasite-specific antigens on professional antigen presenting cells and infected cells, 
but how this is accomplished, given that parasites reside within an intracellular vacuole, 
is an interesting question that many investigators have explored.  Chapter three 
describes the use of model-antigen transgenic parasites to inform possible models of 
MHC I presentation.  
 
Presentation of extracellular proteins from intracellular parasites 
 Perhaps the most interesting aspect of T cell activation during T. gondii infection 
is that antigens located within the PV are presented on MHC I molecules during 
infection, despite isolation from the direct and cross-presentation pathways in the host 
cell cytoplasm.  Parasites engineered to express OVA in various intracellular and 
extracellular compartments demonstrate that secreted antigens more efficiently prime 
CD8+ T cells, in agreement with other studies (Dzierszinski et al., 2007; Kwok et al., 
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2003).  The results of these experiments suggest that presentation of antigen does not 
involve phagocytosis and cross-presentation, as heat-killed transgenic parasites fail to 
efficiently prime CD8+ T cells despite the availability of OVA.  Experiments by 
Dzierszinski et al. and Gubbels et al., show that only parasite infected cells present 
secreted forms of OVA on MHC I, providing further evidence that T. gondii antigens are 
not cross-presented (Dzierszinski et al., 2007; Gubbels et al., 2005).  While the data 
presented in this dissertation, as well as the data provided by others, indicate that 
alternate methods of antigen presentation take place during T. gondii infection, in vivo 
experiments by John et al. present contradictory results that would argue in favor of 
cross-presentation (John et al., 2009).  Presentation of secreted OVA by non-infected 
dendritic cells within hours after infection of mice was experimentally shown by 
immunolabeling cells with the MHC I–SIINFEKL antibody (25-D1.16).   
Experimental in vivo cross-presentation models have used antigen coated beads 
and replication deficient viral strains to examine the ability of non-infected cells to 
present antigen and prime CD8+ T cells (Allan et al., 2003).  Similarly, T. gondii 
experiments used irradiated parasites or uracil auxotrophs to infect cells with replication 
defiecient parasites and examine the ability of cells to present antigen.  Results from 
these experiments indicated that replication of parasites is unnecessary for the 
establishment of a strong CD8+ T cell response in mice (Dzierszinski et al., 2007; 
Plebanski et al., 2005; Jordan et al., 2009; Gigley et al., 2009).  As these parasites are 
unable to divide and lyse host cells, antigen presentation must occur either by direct or 
exogeneous presentation mechanisms in the primary infected cells, or by dendritic cell 
cross-presentation.  Unlike the viral model in which cell subsets were fractionated and 
tested for infection status and ability to prime T cell function, the CPSII-/- experiments did 
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not test the ability of specific cell populations to present antigen (Jordan et al., 2009; 
Gigley et al., 2009).  Considering that questions still remain about how parasite-derived 
antigens enter the MHC I presentation pathway and what cell types are important for 
presentation of antigen, testing the ability of infected versus uninfected cells to prime 
CD8+ T cell responses after an in vivo infection will help to determine how antigen is 
presented. Using the CPSII-/- P30-OVA transgenic line engineered to express tdTomato 
protein, the infected and uninfected cell populations as well as specific cell subsets 
removed from infected mice, could be individually examined for the ability to present 
antigen.  Several groups including John et al., have exploited the 25-D1.16 antibody to 
identify presenting cells, and it may be possible to investigate these issues further with 
more use of this antibody (John et al., 2009; Porgador et al., 1997). 
 It is probable that like other biological systems, there is redundancy in antigen 
presentation and multiple mechanisms of presentation take place during infection.  
Because cross-presentation is not influential in the system described in Chapter three, 
mechanisms of direct or exogenous antigen presentation should be considered more 
carefully for their possible possible roles in MHC I loading during T. gondii infection (Fig 
3).  Overall, the necessity for Sec61 and ERAAP during MHC I presentation suggests 
that fusion between the PV and endoplasmic reticular membranes releases parasite 
secreted proteins into the ER lumen prior to retrotranslocation into the host cell 
cytoplasm (Fig 3 D) (Blanchard et al., 2008; Goldszmid et al., 2009).  This model also 
provides a plausible mechanism by which both hematopoetic and non-hematopoetic 
cells are able to present antigen, and an explanation for why secreted and extracellular 
antigens are preferentially presented on MHC I (Dzierszinski et al., 2007).  While 
intracellular antigens are notably not presented, indicating that autophagous/lysosomal 
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breakdown of parasites does not result in antigen presentation, IGTPase mediated 
breakdown of the PV membrane may expose extracellular antigens to the direct 
presentation pathway (Ling et al., 2006; Andrade et al., 2006).  The use of autophagy 
blocking agents such as wortmannin, during in vitro B3Z or OTI presentation assays may 
provide evidence for the importance of autophagy (Ju et al., 2009; Ling et al., 2006).  
Applicability of IGTP-mediated PV breakdown is open to question, as this gene family is 
abundant in mice, but not in humans.  Altogether, the mechanisms by which T. gondii 
antigens are presented on MHC I molecules during infection are still unclear and more 
work is necessary to tease apart the many antigen presentation mechanisms that have 
been proposed. 
 Advances in identifying T. gondii-specific epitopes during infection will greatly 
enhance our ability to understand how antigens enter the MHC I presentation pathway, 
and the functionality of the resulting CD8+ T cell populations.  While completing the work 
described in Chapter three, four T. gondii-specific epitopes were identified using peptide-
screening techniques (Blanchard et al., 2008; Frickel et al., 2008; Wilson et al., 2010).  
To date, only the GRA6 epitope has been used to examine the MHC I presentation 
pathway during T. gondii infection, demonstrating the importance of ERAAP during 
antigen processing (Blanchard et al., 2008).  Many studies using these epitopes are sure 
to follow, including investigations into their trafficking into the host cell cytoplasm, and 
their efficacy as vaccine targets.  The use of these epitopes during in vivo infection 
models however, may be limited as responses are often specific for both parasite and 
mouse strain (Blanchard et al., 2008; Wilson et al., 2010).  Of the newly identified 
epitopes, Tgd057 will be of great use for in vivo and immunopathology studies as it is 
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currently the only epitope identified for the most commonly used mouse model, C57Bl/6 
(Wilson et al., 2010). 
 
One parasite, but a complex infectious cycle: recognizing the right antigen, at the right 
time, and in the right place 
While this dissertation focused on antigen presentation during the tachyzoite 
stage and did not explore the significance of stage-specific protein expression during 
infection, several groups have attempted to understand this topic.  Long-term CD8+ T 
cell surveillance is critical for host survival as evidenced by the lethality of CD8+ T cell 
depletion in mice and immuno-compromised humans (Gazzinelli et al., 1992; Suzuki and 
Remington, 1988; Parker et al., 1991).  It is unclear whether the CD8+ T cell population 
controlling parasites long-term recognizes bradyzoite-specific antigens.  Experiments 
investigating primary CD8+ T cell responses against bradyzoite-specific antigens have 
indicated that these proteins are not presented on MHC I during infection, despite their 
immunogenicity (Kim et al., 2007; Kwok et al., 2003).  In contrast, the recently identified 
ROP7 epitope, while expressed during both tachyzoite and bradyzoite stages, activates 
CD8+ T cells during the chronic phase of infection (Frickel et al., 2008).  A reason for the 
delayed expansion of the ROP7-specific CD8+ T cell population is unclear, but these 
results are the first demonstration that the T cell repitiore changes during the course of 
T. gondii infection.   
While antigens expressed specifically by bradyzoites may not be effective in 
generating a T cell response during chronic infection, experimental evidence suggests 
that these antigens are presented on MHC I early after an oral infection (Kwok et al., 
2003).  After generating a β-galactosidase (β-gal) specific CD8+ T cell population using 
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avirulent parasites expressing β-gal specifically during the tachyzoite stage, a challenge 
infection with parasites expressing β-gal during the bradyzoite stage resulted in the 
expansion of memory CD8+ T cells (Kwok et al., 2003).  This indicates that bradyzoite 
antigens are presented prior to bradyzoite-to-tachyzoite conversion, most likely by 
intestinal cells exposed to parasites early during infection (Dubey, 1997).  The impact of 
early bradyzoite-specific antigen presentation remains to be seen.  Future experiments 
investigating the role of bradyzoite antigens during infection will benefit from the use of 
model antigen systems, as these systems allow for controlled exposure of antigen to the 
host and offer reagents for assaying specific T cells.  Such experiments should focus not 
only on the generation of bradyzoite-specific responses during chronic infection, but also 
the possibility that bradyzoite antigens are presented at the onset of infection as this 
may play a role in the development of T cell responses  
 
Intestinal infection and immunity 
Intestinal infection is the key initial event that results in systemic and eventually 
chronic T. gondii infection, but studies investigating intestinal infection have been few 
compared to the number of studies using intraperitoneal infection as a model.  
Intraperitoneal infection allows for a more controlled infectious dose and is believed to 
mimic the systemic and chronic phases of T. gondii infection, as parasites naturally 
disseminate away from the intestine rapidly upon infection.  Because parasites rapidly 
disseminate, even oral infection studies focus away from the intestine as an important 
site of parasitism and immune control.  In contrast to this idea that parasite presence in 
the intestine is trivial when compared with the replication occuring systemically, recent 
oral infection studies have shown that parasites infecting intestinal cells establish a 
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significant parasite burden in the lamina propria (Courret et al., 2006).  Additionally it is 
known that oral infection results in severe intestinal ileitis and a breakdown of the 
epithelial barrier, leading to death of the host in some mouse models (Liesenfeld et al., 
1996; Rachinel et al., 2004; Heimesaat et al., 2006). Also, evidence from other pathogen 
systems describing the influence of the mucosal immune response on systemic 
immunity suggests that intestinal interactions between T. gondii and its host are 
important for the outcome of infection (Mowat et al., 2003; Ball et al., 1998).  Oral 
infection studies outlined in this dissertation used transgenic parasites to focus on the 
formation of immuno-recognized, parasite plaques within the small intestine.  Results 
from these studies offer important insight into the progression of parasite infection within 
the intestine, and contribute to a better understanding of host recognition and control of 
infection at the mucosal interface.    
 
Infection, replication, and re-infection – lessons learned by examining the whole tissue 
After oral infection with T. gondii, parasite invasion into the lamina propria results 
in infection of cells and replication within the tissue.  Immunohistochemistry labeling of T. 
gondii has been used to determine the physical presence of parasites throughout the 
lamina propria of the terminal ileum during the early stages of infection; focusing on the 
first twenty-four hours post-infection.  The first day of infection is critical as parasites 
must invade cells, and while Listeria, E. coli, and Cryptosporidium initially invade 
epithelial cells, T. gondii are capable of migrating over 110 µm beyond the epithelial 
layer prior to invading the first cell (Pentecost et al., 2006; Barragan and Sibley, 2002; 
Fayer and Ungar, 1986).  Results from these experiments have created a model of T. 
gondii intestinal infection in which the majority of parasites invade the terminal ileum and 
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undergo bradyzoite/sporozoite-to-tachyzoite conversion prior to replicating and 
disseminating to the rest of the host (Fig 15 A).  Parasites remaining in the lamina 
propria disperse throughout the small intestine by means of parasite and host cell 
mediated migration, over the course of the first several days (Fig 15 B) (Barragan et al., 
2005; Lambert et al., 2006).   
 As described in Chapter two, imaging of whole intestinal tissue from infected 
MHC II GFP mice indicates that parasite replication within the lamina propria did not 
disperse throughout the tissue, but instead remained localized at the initial site of 
infection.  Over time, replication of parasites expanded infection from one villus to 
multiple surrounding villi, and created plaques within the intestine.  Distinction between 
infected and non-infected villi by parasite fluorescence allowed for counting of infected 
villi per plaque, and the number of plaques per section of the intestine.  Results from 
these counts not only showed that a large percentage of initial infection events occur 
outside of the terminal ileum, where most intestinal infection studies focus, but also that 
parasite replication at initial sites of infection increases the number of infected villi 
exponentially between three and six days post-infection.  While in vitro culture of 
parasites results in plaque formation within an undisturbed monolayer, this phenotype 
has not been considered during intestinal infection as peristalsis, trafficking of infected 
cells, host immune responses, and mobility of free parasites were expected to disturb 
parasite replication in any given area (Foley and Remington, 1969).  These results have 
modified the model of parasite population expansion from a random distribution of single 
parasites throughout the small intestine, to a model in which the majority of parasites are 
found within the proximal intestine as a part of plaques and large expanses of lamina 
propria remain non-parasitized (Fig 15 B and D).  
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 While observation of plaques by two-photon imaging has provided insight into the 
parasite’s overwhelming expansion within villi, a closer examination of the morphology 
and host cell composition within these structures is still required.  Unreported 
observations made while completing this study indicate that infected villi are shorter then 
non-infected villi, but accurate measurement of villus length is not possible from the 
obtained Z-stacks.  Due to the limitations of imaging depth, it is also not possible to 
determine whether the majority of parasites remain at the apical tips of villi or expand 
further down to the muscle layers.  These microscopy limitations as well as the need for 
fluorescent markers to visualize multiple host cell types, necessitate alternate methods 
for examing the length of villi, depth of parasites in villi, and cell populations present in 
villi at the center of plaques compared with villi at the periphery of plaques. While 
histology and immunohistochemistry are ideal for such analysis, the low probability of 
sectioning through plaques hinders experiments of this nature.  Using the Pru Tomato 
parasites and a dissecting microscope equipped with fluorescence capability, it may be 
possible to remove and embed plaques for histology sectioning and more detailed 
analysis.  
The experiments described in Chapter two of this dissertation did not investigate 
the expansion of the parasite population beyond day six post-infection.  It will be 
interesting to determine whether there is a point during infection when plaque structure 
is disrupted resulting in parasite dissemination throughout the lamina propria as 
indicated by other groups (Dubey et al., 1997; Dubey, 1997). The infection studies 
presented here have also been completed in the C57Bl/6 mouse model that is known to 
succumb to ileitis approximately ten days post-infection, and is therefore not appropriate 
to investigate the resolution of infection (McLeod et al., 1989; McLeod et al., 1984).  
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Other mouse models capable of resolving infection should be examined for comparison 
with the results described here.  These mouse models are known to support smaller 
parasite burdens during infection, and preliminary observations from infection of BALB/c 
mice indicates that plaques forming in these mice are smaller then those observed in 
C57Bl/6 mice on day six post-infection (McLeod et al., 1989; McLeod et al., 1984).  
BALB/c infections may also be used to investigate the resolution of plaques at later time 
points of infection.  These studies could be completed using the same fluorescently 
tagged transgenic parasites, infection models, and experimental techniques described in 
Chapter two of this dissertation. 
Observation of viable parasites within the intestinal lumen by two-photon 
microscopy of the intestine ex vivo, fluorescence imaging of luminal contents, and 
transfer of infection to naïve mice was also unexpected.  Manwell et al. reported similar 
observations to those made in Chapter two, but their observations led to a model in 
which tachyzoites released into the lumen during infection were killed in the environment 
of the large intestine (Manwell et al., 1945).  Alternatively, parasites in the intestinal 
lumen could be a source of autoinfection as observed during Cryptosporidium and 
Eimeria infections (Fig 15 D) (Current and Long, 1983; Fayer and Ungar, 1986; Paterson 
et al., 2000).  Blocking luminal spread of parasites would be difficult, but necessary to 
investigate this mode of transportation as a means of establishing new plaques, as well 
as in trying to understand the importance of autoinfection during T. gondii infection.  Few 
reagents are available for blocking parasite invasion, and those that are available for in 
vitro work would be toxic in animals.  Feeding mice anti-toxoplasma antibodies after the 
initial stages of invasion may block parasites released into the lumen from attaching to 
and invading new epithelial cells, thus reducing the number of small plaques observed 
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on day six post-infection and indicating that luminal parasites are the primary source of 
new plaques.  Continued presence of single villus plaques at similar levels to untreated 
animals would indicate that these smaller plaques are the result of parasite migration 
through the tissue. 
  To test whether the plaques observed in the intestine are the result of intestinal 
infection and replication, or occur from general parasite replication in tissues, preliminary 
experiments in which mice were infected by intraperitoneal injection with 104 Pru Tomato 
tachyzoites were completed.  Results showed no intestinal plaques despite the presence 
of parasites in the lamina propria, albeit a smaller population then that observed after 
oral infection (data not shown).  These results indicate that the spread of parasites 
through the lamina propria do not cause new plaques.  Reagents for investigating 
parasite and cell migration within the tissue would provide more information about the 
spread of parasites through the lamina propria.  Pertussis toxin is one such reagent that 
has been used as a means to block dendritic cell migration in experiments testing 
systemic dissemination of T. gondii (Lambert et al., 2009; Lambert et al., 2006).  Results 
from these experiments indicated that blocking dendritic cell migration from the 
peritoneal cavity decreased parasite dissemination to the spleen compared with non-
treated animals.  As with the antibody treatment experiments for testing luminal spread 
of parasites, use of pertussis toxin to block cellular migration through tissues may 
indicate the impact of cell spread through the lamina propria as a means for establishing 
new plaques during infection. 
 
Controlling dissemination and destroying parasites 
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Dissemination of parasites from the intestine where they initially invade the 
lamina propria is essential for progression to systemic and subsequent chronic infection 
in the brain where parasites remain dormant for years.  To determine kinetics by which 
this progression takes place, bioassay approaches were used in which tissues were 
injected into animals to test for transfer of infection.  Results from these experiments 
indicated that oral infection results in rapid dissemination of parasites to the mesenteric 
lymph nodes, blood stream, and spleen as discussed in Chapter one (Dubey et al., 
1997; Dubey, 1997; Sumyuen et al., 1995).  Bioluminescence imaging of mice infected 
with parasites expressing luciferase showed expansion of the parasite population 
throughout the abdomen and subsequently in the brain until infection was controlled by 
the immune response (Kim et al., 2007; Boyle et al., 2007).  These assays, while useful 
for detection of viable parasites and rough estimates of burden in tissues, were not able 
to provide accurate assessments of parasite burden for comparison between tissues.  
Quantitative real-time PCR performed after oral infection of mice with T. gondii, reported 
that the parasite burden in the small intestine was greater then that found in the 
mesenteric lymph nodes, but systemic tissues were not analyzed during these 
experiments (Courret et al., 2006).  For this reason, parasite burden in mucosal and 
systemic associated tissues was examined by flow cytometry analysis after oral infection 
of mice with Pru Tomato.  Results from these experiments indicated similar findings to 
Courret et al., where infection was greatest in the small intestine than the mesenteric 
lymph nodes.  
The low parasite burden observed in the spleen after infection was surprising as 
bioluminescence experiments, bioassay experiments, and rapid dissemination of 
parasites indicate that parasite burden is consistent across tissues (Boyle et al., 2007; 
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Saeij et al., 2005).  Overall, the flow cytometry experiments discussed in Chapter two 
have resulted in a modified model of infection in which parasites replicating in the lamina 
propria, enhance the parasite burden at this site compared with the burden observed in 
systemic tissues such as the spleen (Fig 15 C).  Also, these experiments suggest that 
large numbers of parasites do not disseminate away from the intestine, as this would 
cause higher parasite burdens in systemic tissues than what was observed.  The 
parasite burden after day six post-infection should also be assessed for the possibility 
that continued parasite expansion systemically, eventually results in similar parasite 
numbers throughout the host’s tissues. 
Increased mucosal versus systemic infection, has also been observed during 
Salmonella infection (Voedisch et al., 2009).  As the mesenteric lymph nodes are the 
naturally draining lymph nodes for the intestinal system, it is possible that pathogens 
trafficked by cells to this site as a means to prime the immune response, take advantage 
of this trafficking to disseminate systemically.  More then a mechanism for 
dissemination, the Salmonella system suggests that the mesenteric lymph nodes act as 
a site of filtration for infected cells.  Mice, from which the mesenteric lymph nodes were 
removed prior to infection, were used to test the filtering capacity of the mesenteric 
lymph nodes during Salmonella infection.  Results showed that mesenteric lymph node 
deficient mice maintained a higher bacterial burden in the spleen and liver than whole 
mice after similar infections, thus indicating that Salmonella dissemination was blocked 
by the mesenteric lymph nodes (Voedisch et al., 2009).  It is probable that the 
mesenteric lymph nodes serve the same filtering function during infection with T. gondii, 
limiting dissemination of parasites to the rest of the mouse and controlling systemic 
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parasite burden.  To test this hypothesis, experiments removing the mesenteric lymph 
nodes prior to infection of mice could be performed, as in the Salmonella experiments.   
Blocking of parasite dissemination by the mesenteric lymph nodes may indicate 
that T. gondii dissemination occurs via the infiltration of parasite-infected cells directly 
from the intestine into the bloodstream as part of the ‘Trojan horse’ model.  Several 
specific cell types have been proposed as ‘Trojan horses,’ or mediators of dissemination, 
including dendritic cells, macrophages, and monocytes (Courret et al., 2006; Da Gama 
et al., 2004; Bierly et al., 2008; Lambert et al., 2006; Lambert et al., 2011).  While 
infection has been noted in each of these cell types, most of the direct experimental 
evidence indicates that dendritic cells are responsible for disseminating T. gondii during 
infection (Courret et al., 2006; Chtanova et al., 2009).  These experiments were 
conducted by intraperitoneal infection or transfer of infected dendritic cells, and therefore 
do not reflect natural infection by the oral route (Bierly et al., 2008; Lambert et al., 2009; 
Lambert et al., 2006).  Oral infection experiments with an avirulent strain of T. gondii, 
have indicated that while dendritic cells are infected in the intestinal lamina propria, 
monocytic cells in the blood stream carry single parasites to the blood-brain barrier 
(Courret et al., 2006).   
In this dissertation, phenotyping of infected cells by flow cytometry analysis 
resulted in similar infected cell populations in the lamina propria, mesenteric lymph 
nodes, and blood, as seen by other groups (Courret et al., 2006; Chtanova et al., 2009).  
These results indicate not only that T. gondii infection of cells is highly reproducible, but 
also that infection is composed of multiple cell types and a function of the cell 
populations present in any given tissue prior to infection.  Unlike the results by Courret et 
al. incorporation of lymphocyte populations into the analysis of infected cell types 
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revealed that all tissues, including the blood stream, contained a high percentage of 
infected B and T cells.  With numerous cell types found to be infected in tissues and the 
blood stream, determining a specific cell type that is responsible for the dissemination of 
parasites from the lamina propria will be difficult.  It may be possible to systematically 
rule out cell types responsible for the dissemination of parasites using reagents that 
block migration such as spingosphine-1-phosphate or pertussis toxin, or by depleting 
mice of a specific cell type prior to infection (Lambert et al., 2006; Whetzel et al., 2006).  
Cell types of specific interest for blocking or depletion studies would be dendritic cells, 
inflammatory monocytes, and lymphocytes as these cells are dominant in the literature, 
or a large population of infected cells found in the experiments described here.  
Analyzing the parasite burden in the blood or spleen after treatment of mice with these 
reagents or depletion of cells, will indicate whether modifying a given cell type affects the 
parasite burden in tissues, implying a role for that cell type in dissemination of parasites.  
While beyond the ability of current imaging systems, continued advances in in vivo 
tissue imaging will eventually allow for imaging of parasite infected cells as they migrate 
out of the small intestine and into the blood stream, offering direct observation of 
parasite dissemination to tissues. 
 As described in Chapter two, multiple experiments led to the use of LysM-eGFP 
and CD11c-YFP mice for investigating the responding cell populations by deep-tissue 
imaging.  Findings from whole tissue imaging experiments revealed specific cellular 
distributions in relation to parasite plaques that had not been described previously for the 
T. gondii system.  Experimental models investigating the migratory behavior of LysM-
eGFP cells in response to infection of the ear pinnea, would predict that these cells 
would associate closely with parasites (Peters et al., 2008; Chtanova et al., 2008).  As 
 97 
predicted the LysM-eGFP cell response to parasites in the lamina propria was highly 
specific to the area of infection as noted by the distribution of GFP cells compared with 
parasites (Fig 10 A).  Unlike the ear pinnea models where a small number of parasites 
are being investigated within hours of injection into the imaging site, the T. gondii 
intestinal infection studied here is fully established with large patches of parasites and 
LysM-eGFP cells present at the start of imaging, affecting the ability to image initial 
interactions between cells and parasites.  
 In contrast to the response of the LysM-eGFP cell population to parasites, 
responding CD11c-YFP cells were found around the periphery of plaques as modeled in 
Fig 15 D.  Increased presence of YFP at the plaque periphery compared to non-
parasitized areas of the intestine indicate that either cell numbers are increased, or that 
the cells present are more inflammatory around parasite infected villi.  Histology 
experiments as described above, will be necessary to discern between these 
possibilities.  The absence of CD11c-YFP cells from the center of plaques may be the 
result of parasite lysis of the CD11c-YFP cells originally in those villi, or exclusion of the 
cells by undefined host or parasite-mediated mechanisms.  Without the ability to image 
the same plaque over the course of hours and days of infection, determining which of 
these models explains the fate of CD11c-YFP cells would be difficult.  Some groups 
have utilized Ussing II chambers to maintain the viability of intestinal tissue for imaging 
over and would be one possible means by which to test these models (Barragan et al., 
2005).   
 Future directions for these experiments include imaging of plaques at time points 
both earlier and later then those investigated here to examine the changes in distribution 
of both host cells and parasites as the immune response begins controlling infection.  
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These experiments would be highly informative offering a more detailed description of 
the events that result in the distribution of cells throughout the small intestine and 
specifically in the plaques.  Examining plaques at day three post-infection has proven 
difficult, as infection events are rare and randomly dispersed throughout the intestine 
making it difficult to locate by two-photon or confocal microscopy.  Using a higher 
infectious dose in future experiments may increase the probability of capturing these 
early time-points, that are sure to be precursors to the events observed on day six post-
infection. 
 As mentioned in the discussion from Chapter two, the presence of parasite 
plaques and the distribution of cells in relation to plaques indicate that a level of immune 
control is acting in infected areas of the intestine.  Further experiments should examine 
this possibility to better understand the role of the immune response in the intestine and 
how it could function to control parasites.  Several experiments should be attempted to 
investigate cellular responses.  First, as IFN-γ is critical for the control of parasites during 
infection, the effect of its depletion on the structure of plaques should be investigated 
(Gazzinelli et al., 1994; Hunter et al., 1994).  IFN-γ depletion assays during oral infection 
studies result in the increase in parasite burden in the intestine and are therefore 
predicted to either increase the size of plaques or increase the number of plaques 
(Liesenfeld et al., 1996).  It is also possible that the absence of IFN-γ will result in the 
absence of plaques as immune cell responses to infection may be incapable of 
controlling parasite dissemination throughout the tissue.  After IFN-γ depletion, both 
plaque counting experiments and imaging experiments with CD11c-YFP and LysM-
eGFP mice should help to determine what is the function of cell association in plaques.  
Also, the histology and immuno-histochemistry experiments previously mentioned could 
 99 
provide further information about alternate cell populations, such as antigen-specific T 
cells, that are interacting with parasites in plaques.   
 Experiments to address the migration of immune cells to parasite plaques should 
also be a priority for understanding the immune response to intestinal infection.  
Preliminary real-time PCR experiments measuring CCL 9 and CCL 10 mRNA transcripts 
produced by cells associated with intestinal plaques showed increased chemokine levels 
compared with both the naïve intestine and non-parasitized intestinal tissue taken from 
the same infected animal.  These results further indicate that parasite plaques are areas 
of specific immune responses.  Similar real-time PCR measurements to determine the 
levels of IFN-γ, MCP1, CCL 3, CCL 4, and CCL 5 within parasite plaques, or microarray 
experiments to define the gene expression profile in plaques, will determine what genes 
drive the plaque-specific immune response (Del Rio et al., 2004; Bennouna et al., 2003; 
Traynor et al., 2002).   
To obtain RNA for the preliminary chemokine measurements, fluorescent 
parasites were used to guide gross dissection of plaques from the jejunum and the ileum 
of the small intestine, but this crude technique incorporates both infected and non-
infected villi.  To ensure that the chemokine levels assayed in experiments are specific 
for infected and non-infected villi, laser-capture microdissection could be used to isolate 
specific villi from histology sections prior to isolation of RNA.  This technique can also be 
used to isolate plaque-associated villi that do and do not contain dendritic cells.  RNA 
from these villi may provide insight into the activation status of dendritic cells closest to 
parasites, the regulation of dendritic cell migration, and the ability of these dendritic cells 
to attract and activate other cell types; providing data necessary for determining the role 
of dendritic cells distributed at the periphery of plaques. 
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This dissertation highlights the results of my work investigating multiple aspects 
of host-pathogen interactions involved in early T. gondii infection.  Presentation of extra-
parasitic antigens on MHC I molecules by a method that is neither classical nor cross-
presentation indicates that there are yet unknown mechanisms of antigen presentation 
to be investigated.  Also, the use of cutting-edge imaging technology enabled the 
assessment and visualization of T. gondii infection on a whole-tissue basis, revealing 
how infection leads to spatially restricted plaques that may be influenced by the host as 
a mechanism to control infection.  These results provide new models and questions 
about establishment of infection and immune responses during a natural T. gondii 
infection.  Future directions of this work should focus on identifing the mechanism by 
which T. gondii antigens are acquired from the PV for MHC I antigen presentation, and 
the significance of presenting bradyzoite-specific antigens at various stages of infection 
for the development of the T cell response.  Also, several questions still remain 
concerning the importance of the cellular response to plaques; including, how the 
distribution of cells at these sites is regulated with special focus on the regulation of 
dendritic cells, and whether the influx of these cells acts in a protective manner to control 
widespread parasite dissemination. 
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 Figure 15 Current model of T. gondii oral infection 
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Figure 15. (A and B) The former model of T. gondii oral infection was incomplete 
(represented by the dashed green line) as many studies focused on systemic 
infection of mice.  Parasite dissemination was expected to occur within hours of 
infection and the parasites remaining in the intestine were expected to diffuse 
throughout the tissue resulting in a general immune response primarily within the 
ileum.  (C and D) Based on the research presented in this dissertation, parasites 
invading the small intestine after an oral infection are expected to establish a robust 
infection throughout the length of the intestine.  Parasite burden in the intestine is 
expected to be greater or equal to that seen in systemic tissues (green line versus 
orange), until the developing adaptive immune response controls parasite 
replication.  Contrary to the former model of parasite replication and dissemination 
in the intestine, the current model proposes that the majority of replicating parasites 
will be associated with plaques (D).  In this system, immune cells respond to 
infection, migrating to the plaques, to potentially control parasite replication and 
possibly dissemination (D).  Legend for the depicted cell types is found along the 
bottom of this figure.  
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